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Environmental changes and extreme climate-related events are mainly attributed to greenhouse gas 
(GHG) emissions and are becoming a growing concern. The reported scientific evidence, 
highlighting such interrelationships, has convinced researchers to look for clean energy sources and 
improve operational efficiencies, and capture and convert the waste heat into electricity. Since 
almost two-thirds of energy is converted to heat and wasted, the recovery of waste heat will boost 
savings in fossil fuel consumption as an abundant source of energy. In this regard, thermoelectric 
(TE) compounds can be employed to convert the waste heat into electricity, thereby increasing the 
efficiencies of energy generating operations. Such an approach is even applicable to renewable 
energy (RE) sources. However, the applications of the thermoelectric converters necessitate the 
development of advanced, efficient thermoelectric materials with a high level of thermomechanical 
stability. This doctoral research project aims to develop and modify thermoelectric compounds by 
manipulating their microstructure and improving their mechanical properties by reinforcement with 
graphene nanoplates (GNPs). To the best of our knowledge, there is no specific report in the open 
literature to determine the reinforcing effects of graphene nanofillers (e.g., GNPs) on thermoelectric 
products. There is a lack of a comprehensive assessment in the scientific and industrial communities 
in evaluating the advantages and drawbacks of GNPs, as the reinforcing agent on TE compounds.  
In this dissertation, to assess the performance of the GNPs, three potential thermoelectric 
compounds, namely MnTe, CoVSn, and CuSbTe2, have been investigated. These designated 
compounds address the requirements for covering an extended working temperature range from low 
to high, examining various crystal structures (e.g., Chalcogenides and half-Heusler), and developing 
environmentally-friendly (i.e., lead-free) TE products. The bulk samples with the addition of small 




fabricated by spark plasma sintering (SPS). The thermoelectric factors, magnetic behavior, 
microstructure, and mechanical properties of the samples were evaluated and analyzed. Grain 
growth inhibition is the main consequence of the reinforcing GNPs, which results in an 
enhancement in the thermoelectric and mechanical characteristics of the nominated TE products. 
Scattering of electrical carriers and phonons due to the precipitation of the reinforcing GNPs in the 
matrix, thus providing a higher density of microstructural boundaries, improves the thermoelectric 
properties. Furthermore, microstructural manipulation, such as crystal/particle size reduction 
caused by the segregation of the reinforcing GNPs as a second phase in the matrix, enhances the 
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CHAPTER ONE     
INTRODUCTION  
Energy crisis and thermoelectricity 
Global warming and the resulting climate change can be traced back to human activities, industrial 
processes, and greenhouse gases (GHGs) emissions [1, 2].  For example, a makeover [3] clarifies 
that the largest sector for greenhouse gases emission in Australia during the year of  2015 was 




Figure 1: Australia’s top greenhouse gases emitters in 2015 by sector [3]. 
Nothing in life is to be feared, it is only to be 
understood. Now is the time to understand 
more, so that we may fear less. 
―Marie Curie (1867 – 1934) 
 




In this field, according to a study conducted by the Lawrence Livermore National Laboratory, in 
the year 2018, the majority of the rejected energy (waste heat) throughout the total energy 
production in the United States belongs to electricity generation (38.2%), in comparison with the 
other sectors, including transportation (28.3%), industrial (26.3%), residential (11.9%), and 




Figure 2: Energy flow diagram of US energy production and consumption. Source: Lawrence 
Livermore National Laboratory, March 2019. Data is based on DOE/EIA MER (2018). 
https://flowcharts.llnl.gov/content/assets/docs/2019_United-States_Energy.pdf 
 
It may take many years until renewable energies reach a position where they can fully replace fossil 
fuels. Consequently, other intermediate technologies are  required  to  reduce  carbon  output 
(e.g., CO𝑥)  and  increase  the  efficiency  of the  existing  energy-generating technologies  during  
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this  transition  period.  In this regard, Figure 3 illustrates the electricity generation from the fuel 
energies (Figure 3a) and renewable energy sources (Figure 3b) in the US, which are projected up to 
2050. It is anticipated that a greater role for renewable energy sources will be found to satisfy future 





Figure 3: Electricity generation from selected energy resources, a) fuel energies and b) clean 
energies [4]. 
 
Figure 4: Application of renewable energies in the future [4]. 
 
a b 
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Apparently, the forecast in Figure 4 is based on the trend to date on rapid deployment of clean 
energy technologies, which is encouraging.  In this approach, Figure 5 demonstrates an estimate 
based on the available energy sources. As depicted in Figure 5, the demand for polluting energies 
will be replaced by renewable energy types.  
 
Continued  




Figure 5: Energy transition timeline. Source: DNV GL Energy Transition Outlook 2019, A Global 




Consequently, this growth in the renewable energy industry will impact the projected CO2 
immersion in the electric power sector, as exhibited in Figure 6. As shown in this figure, the average 
CO2 emissions decreases with time.  
 





Figure 6: Energy-related 𝐶𝑂2 emissions by energy sector [4]. 
 
In this field, energy harvesting from the environment by reliable sources has manifested itself as a 
worldwide concern. Moreover, due to the low-performance efficiency of industrial processes, the 
majority of energy is converted into heat, especially in combustion engines, which use fossil fuels 
in their operations [5, 6]. Therefore, if the conversion of useful energy to waste heat is reduced 
through more efficient processes, or alternatively the waste heat is converted into more useful 
energy like electricity, the environmental impact of energy production will be mitigated.  
One solution to enabling the capture of waste heat and converting it into electricity is utilizing solid-
state energy convertors, such as thermoelectric generators (TEGs). In line with this encouraging 
trend, the application of thermoelectric generators is considered as the primary potential candidate  
to capture waste heat, for example in automobile exhaust recovery systems, see Figure 7 [6-8], and 
to harvest the heating energy from current renewable energy sources (e.g., concentrated solar heat 
exchangers – shown in Figure 8) [9].  













Figure 7: Application of the TEGs in automobile systems. Adapted from ref. [6-8] with permission. 
 
Figure 8: Solar TEG (STEG) for electric generation. Reused from ref. [9] with permission. 
 
As presented in Figure 9, the TEG structure comprises several segments, but the central parts are p 
and n-type semiconductor junctions. The interaction of the p-type semiconductors with an excess 
concentration of holes (positive carriers) against the n-type semiconductors with a greater level of 










Figure 9: Thermoelectric generator (TEG) structures. Reused from ref. [10] with permission. 
 
The efficiency of thermoelectric generators is very much dependent on the conversion efficiency of 
the constituent thermoelectric (TE) compounds. Therefore, the introduction of advanced 
thermoelectric materials is crucial in increasing the waste heat-electricity conversion rate. This is 














CHAPTER ONE explains the concepts of the energy crisis and thermoelectricity.  
CHAPTER TWO describes a history of thermoelectricity, thermoelectric products, transition 
metal chalcogenides, Heusler compounds, graphene nanoplates (GNPs), and their applications. 
CHAPTER THREE presents the project aims, objectives, and justifies the selection of 
thermoelectric compounds. 
CHAPTER FOUR focuses on experimental procedures for sintering of composites reinforced with 
graphene nanoplates (GNPs), and their corresponding tests and experiments.   
CHAPTER FIVE analyses thermodynamic stability, magnetic, thermoelectric, and mechanical 
properties of the MnTe compound, and its GNPs - reinforced products.  
CHAPTER SIX examines thermodynamic stability, thermoelectric and mechanical characteristics 
of CoVSn composition, and its GNPs - reinforced products. 
CHAPTER SEVEN discusses thermoelectric and mechanical features of CuSbTe2 composition, 
and its GNPs - reinforced products. 
CHAPTER EIGHT summarizes the conclusion of the studied products, implications for industry, 



















CHAPTER TWO  
LITERATURE REVIEW 
 
2.1 History of thermoelectricity 
The concept of thermoelectricity (TE) as the direct conversion of the temperature gradient (∇𝑇) to 
electricity was instigated by the German-Estonian physicist, Thomas Johann Seebeck, in the years 
between 1821 and 1831 [11, 12]. The Seebeck coefficient (𝑆, V/K) was estimated based on the 




                                  (1). 
Further contributions in this field were reported by Gustav Magnus, who declared the Seebeck 
voltage is not dependent to the temperature distribution along the intermediate metals connecting 
the p-n junctions [13]. Later on, the Peltier effect was introduced to show that the heating or cooling 
are generated by passing an electric current through two dissimilar materials [11, 12]. Furthermore, 
William Thomson defined the relationship between the Seebeck and Peltier effects [12], and then 
Edmund Altenkirch calculated the maximum efficiency of the thermoelectric generators [11]. The 
modern theory of thermoelectricity in materials, however, is due to Abram Fedorovich Ioffe [11], 
who introduced a  dimensionless factor, named a “figure of merit (𝑧𝑇)”. It is a metric for evaluating 
the thermoelectric behaviour (performance) of thermoelectric compounds (materials);  
If you want to find the secrets of the universe, 
think in terms of energy, frequency and 
vibration. 
― Nikola Tesla (1856 -1943) 
 
 






𝑇                           (2), 
where 𝑆 is the Seebeck coefficient (μVK-1), 𝜎 is the electrical conductivity (Ω-1m-1), 𝑇 is 
temperature (K), and 𝜅𝑒 and 𝜅𝑙 are the electronic, and lattice thermal conductivities (Wm
-1K-1), 
respectively [14]. The following chart summarizes the historical trend in thermoelectric 
development.  










Seebeck discovered that a circuit 
made from two dissimilar materials 
produces a voltage when their 





Peltier discovered that passing 
an electric current through two 
dissimilar materials produces 
heating or cooling at their 










Altenkirch correctly derived the 
maximum efficiency of a 
thermoelectric generator (1909) 
and performance of a cooler 
(1911), which later developed 





William Thomson, also known 
as Lord Kelvin, found that the 
Seebeck and Peltier effects are 
related, indicating that any 
thermoelectric material can be 
used to either generate power in 
a temperature gradient or pump 
heat with an applied current. 
1928 
 Ioffe developed the modern 
theory of semiconductor 












H. Julian Goldsmid cooled a 
surface to 0° C using a 
thermoelectric Peltier cooler 






Maria Telkes constructed the 
first thermoelectric power 















Westinghouse unveiled a full-size 
home refrigerator based on Bismuth 





US President Dwight D. 
Eisenhower unveiled the first 
Radioactive Thermoelectric 
Generator (RTG). "SNAP III," 
launched two years later in the 
first RTG-equipped spacecraft, 






The first cardiac pacemaker 
powered by a miniature 
radioisotope thermoelectric 
generator, made by Medtronic. 
1968 
 
SNAP-19 became the first 
radioisotope thermoelectric 
generator to be flown on a 
NASA spacecraft after the 
simplicity and reliability of 
thermoelectrics proved to be the 
most viable way to generate 
power remotely.  
1975 
 A group of entrepreneurs 
acquired Lead Telluride 
(PbTe) thermoelectric 
technology to produce remote 




NASA launched Voyagers 1 
and 2 powered by MHW-






John Fairbanks at the US 
Department of Energy began a 
program to develop 
thermoelectric generators for 
automotive engines after Porsche 
did a prototype study using Iron 




Hicks and Dresselhaus published a 
theory paper indicating that 
nanotechnology may offer 
significant advances in the 
efficiency of thermoelectric 
materials, ushering in the modern 
era of thermoelectrics.  
 






Recent decades: 21st century.  
Interest in thermoelectricity has continued in recent years and resulted in the development of 
novel ideas. The research has focused on engineering the microstructures to enhance 𝑧𝑇 for 
both bulk and flexible thermoelectric products. 
 
A- Growth trend of 𝑧𝑇 values for TE materials.  
 
B- a) Schematic of the working principle of wearable TEG, b) An example of a 
TEG-powered wearable device, c) Paper-based TEG. Reproduced with 
permission, d) Schematic of a flexible TEG assembled using inorganic modules 
and e) a photo of the flexible TEG product, f) Chemical structure of poly (3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) and g) SEM 
image of thermoelectrical polymer coated polyester fabric textile, h) Schematic 












Figure 10: Historical trends in thermoelectric development [15-17], insets A and B were reused 
from ref. [18, 19] with permission. 
 
 
The importance of 𝑧𝑇 is evident when the maximum efficiency (𝜂𝑚𝑎𝑥) of the thermoelectric (TE) 









                       (3), 
where 𝑇𝐻 and 𝑇𝐶 are the temperatures of the hot and cold surfaces, respectively, and 𝑍𝑇𝑀 is the 
figure of merit at the average temperature (𝑇𝑀) of the hot and cold junctions [20]. 
As evaluated in Equation 3, a larger thermal gradient (𝛥𝑇) can increase the TE efficiency. However, 
it can provide thermal stresses that may compromise the mechanical integrity of the TE compounds. 
Therefore, in addition to the appropriate thermoelectric characteristics, the TE materials should have 
thermal and mechanical stabilities to be able to function under harsh conditions.  
Significant efforts by the TE community over the last few decades, as summarized in Figure 11, 
have considered various techniques to improve thermoelectric properties, based on modifying 𝑆, 𝜎, 
and 𝜅 [21-25] in terms of materials selection [26-28], manufacturing processes like sintering method 
selection [29] and nanostructuring [30-32], band engineering  [33-39], magnetic interaction [40-
42], and lowering the total thermal conductivity (𝜅𝑡 = 𝜅𝑒 + 𝜅𝑙) [30, 43-47]. It is noteworthy that 
the mechanisms discussed in Figure 11 may not be applicable to all thermoelectric compounds. 
Since the requirement for every material maybe different. At the first stage, it is necessary to identify 
the TE parameters needing improvement. To enhance the power factor (𝑆2𝜎), the electronic 
properties can be changed by modifying the band structures, such as by reducing the dimensions, 
modulation doping, employing magnetic dopants, band convergence, and the resonance level. These 
mechanisms are described in detail in further sections (Section 2.3). Materials selection and 
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sintering methods are two important factors in developing efficient TE compounds. Since each 
crystal structure has its own electronic and thermal properties, the proper selection of TE 
compounds depends on the target application (i.e., target temperature). Reduction in lattice thermal 
conductivity has been considered as an efficient method to boost the performance of TE materials. 
This strategy can be achieved either through the sintering process, an example would be 
recrytallisation via microwave sintering, or doping the compounds with atoms owning different 















































a b c d 








Figure 11: A) Material selection and crystal examples, a) Bi2Te3 adopts a layered tetradymite 
structure, b) PbQ (Q = S, Se, Te) with cubic rocksalt structure, c) AgBi3S5 with the complex 
pavonite-type structure, d) full-Heusler crystal, and e) half-Heusler crystal structure, used from 
refs. [26, 45] with permission, B) Enhancement of diffusion, densification and solid-state reactions 
in dielectric materials due to interfacial interaction of microwave radiation, used from ref. [29] 
with permission, C) Electronic density of states for a) a bulk 3D crystalline semiconductor, b) a 2D 
quantum well, c) a 1D nanowire or nanotube, and d) a 0D quantum dot; enhancing the density of 
electronic states (DOS) may be useful for enhancing thermoelectric performance, used from ref.  
[30] with permission, D) Schematic representation of the density of electron states of the valence 
band of pure PbTe (dashed line) versus Tl-PbTe (solid line) in which a Tl-related level increases 
the density of states, adopted from ref. [35] with permission, E) Mechanisms used to manipulate the 
density of states in solids and to increase the thermopower used from ref.  [36] with permission, F) 
Structural defect engineering to boosting the thermoelectric performance of calcium cobaltite 
composites, used from ref.  [48] with permission, G) Model periodic structure consisting of a) doped 
and b) undoped regions of the same material. Electrons transfer from region A to B, and the 
transport direction is parallel to the layers, used from ref.  [49] with permission, H) a) A cartoon 
of the core – shell nanoparticle. The potential profile of the nanoparticle is plotted as a function of 
position in the radial direction. The band offset profile across the core – shell nanoparticle is plotted 
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with the dashed line and the screened bent potential with the solid line, used from ref. [50] with 
permission, I) Schematic illustration of magnon-drag, used from ref.  [40] with permission, J) 
Schematic band structure for pristine and Mn–In codoped SnTe, describing synergistic band 
engineering, used from ref. [51] with permission, K) Schematic illustrations of a) harmonicity 
(balanced phonon transport), b) anharmonicity (imbalanced phonon transport) c) harmonicity: if 
an atom is pulled from its equilibrium position during the passage of a phonon, the force that the 
atom is subjected to is proportional to its displacement, and the proportionality constant of this 
relationship is called the spring constant, Anharmonicity: the spring constant does not remain 
constant with atom displacements, which has important consequences when two phonons run into 
each other, used from ref.  [52] with permission, L) Schematic diagram of endotaxial 
nanostructuring in SnTe systems, used from ref. [53] with permission, M) Dominant modes of 
phonon scattering versus temperature, used from ref. [45] with permission. 
 
2.2 Thermoelectric materials 
There is a range of the thermoelectric materials classified into different groups of clathrates [54-
56], skutterudites [57-60], chalcogenides [61-63], and half-Heusler [63-71]. The majority of studies 
are applied to microstructural manipulation, in order to improve the thermoelectric parameters 
(𝑆, 𝜎, 𝜅) at various temperatures.  In this regard, the stoichiometry of the p and n-type TE compounds 
is the key variable. For example, Figure 12 shows 𝑧𝑇 values for thermoelectric products at different 
temperatures. As illustrated in this figure, different TE compounds with various 𝑧𝑇 values confirm 
their dependency on the constituent elements.   





Figure 12: a) Stem chart which classifies the TE materials based on their optimum operation 
temperatures in three main intervals: low (room temperature to 600K), mid (600 to 850K), and high 
(850K and more) [19], b) a list of TE compounds, and a TEG operating at room temperature, c) 
illustrates the TE materials with optimized application in mid temperatures, and  an application of 
TEGs in converting car exhaust heat into electricity (d-adapted from ref. [6, 72], with permission), 
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of their applications in NASA (f- adapted from ref.[73]), and Solar TEGs (g- adapted from ref.[74], 
with permission). 
 
The search for developing TE materials reveals the necessity to design products containing 
nontoxic/eco-friendly elements, sustainable at harsh conditions and high temperatures. Based on 
the dimensionless figure of merit (Equation 2), there should be a correlation between the 
thermoelectric parameters to make an efficient TE product with reasonable 𝑧𝑇. Therefore, the 
effective factors, including the Seebeck (𝑆), electrical (𝜎), and thermal conductivity (𝜅) must be 
optimized. As aforementioned, 𝑆 and 𝜎 are mainly related to the electronic band structure (i.e., 
bandgap), which should be calculated based on the physics relationships. However, thermal 
conductivities can be modified via microstructure manipulation to increase the carriers’ (electronic 
and heat) scattering, and reduce thermal conductivities.   
2.3 Electronic transport properties - power factor (𝑺𝟐𝝈) 
 
The adverse interplay between the Seebeck coefficient and the electrical conductivity via the carrier 
density (𝑧𝑇 = ሺ𝑆2𝑛ሻ
𝜇
𝜅𝑒+𝜅𝑙
𝑒𝑇, 𝑛:carrier density, 𝑒:elementary charge, 𝜇:carrier mobility) has 
provided more complexity by boosting the figure of merit by improving the numerator of Equation 
2 [75]. Figure 13 exhibits the dependence of the Seebeck coefficient, the electrical conductivity, the 
power factor, electronic thermal conductivity, and lattice thermal conductivity versus carrier 
concentration.  
  




Figure 13: Interdependency of thermoelectric factors via carrier concentrations [75-77]. 
 
As shown in this figure, the Seebeck coefficient decreases almost linearly with the carrier 
concentration; whilst the electrical conductivity increases exponentially versus carrier concentration 
(as it increases the carrier density exponentially), which leads the power factor 𝑆2𝜎 to a peak value 
[75-77].  
Considering the difficulty in simultaneously increasing Seebeck and electrical conductivity has led 
to the creation of strategies to improve the thermoelectric properties in terms of transport 
coefficients. Many sophisticated electronic structure modulations and thermal transport 
optimization strategies have been developed to achieve this goal [23, 29, 30, 33, 35, 36, 41, 42, 45, 
49, 50, 78-85], including scattering strategies [24, 75, 86, 87], resonant states, [36, 88, 89], 
manipulating the band gap [90], and modulation doping [49, 87, 91-96]. The common goal of these 
techniques is to engineer the band structure and transport factors (e.g., engineering distortions of 
the electronic density of states near the Fermi energy [36]) in TE compounds, that have been used 
to independently tune either the electrical conductivity or the Seebeck coefficient, or simultaneously 
increase, and thus maximize, the power factor (𝑆2𝜎). Important traces in finding fundamental 
solutions to create a trade-off between the Seebeck and electrical conductivity can be explained 
based on the following Mott equation, defined for a degenerate semi-conductor [76, 97]. 
 


































                         (4),  
 
where 𝑘𝐵 is the Boltzmann constant, 𝑞 is the electron charge, 𝐸 is the electron energy, 𝜏 is the carrier 
relaxation time, and 𝐸𝐹 is the Fermi energy.  
Increasing the density of state (DOS) near 𝐸𝐹 can improve the Seebeck factor. Hicks and 
Dresselhaus [98, 99] proposed the use of quantum size effects in low-dimensional materials to make 
sharp features in the density of states and improve the Seebeck coefficient. Reduced dimensionality 
has offered a strategy to enhance the figure of merit, based on various concepts including 1) 
enhancement of the density of states near 𝐸𝐹 , causing an improvement of the Seebeck coefficient, 
2) increasing carrier mobility at a given carrier concentration via quantum confinement, doping 
strategies, and modulation doping, 3) considering the advantage of the anisotropic Fermi surfaces 
in multi-valley semiconductors, 4) increasing phonon scattering against barrier well interfaces, 5) 
the presence of different temperature dependences of the transport features and intrinsic carrier 
excitations in low dimensional systems in comparison with 3D systems [100]. Their model 
suggested that should a material be a good thermoelectric in 3D (bulk), it would be better in 2D 
(plane), and still better in lD (wire), with various levels of effectiveness, depending on the materials 
used [100]. In another work, Ren et al. [101] reviewed the size effect in low-dimensional 
thermoelectric materials through the quantum confinement effect on carriers (the enhancement of 
electronic density of states, semimetal to semiconductor transition, and carrier pocket engineering), 
the effect of phonon confinement, and interface scattering on lattice thermal conductivity.  
Heremans et al. [36] discussed four approaches to increasing the power factor (𝑆2𝜎) by engineering 
the electronic density of states (DOS) near the Fermi energy based on two-band structures, resonant 
levels (i.e., virtual bound states), hybridization gaps, and dilute Kondo alloys.  
From the second term in Equation 4, 𝑆 can be modified by the change in 𝜏 (i.e., mobility) through 
approaches such as filtering/scattering of charged carriers with low energy using energy barriers. 
As shown in Figure 14, carrier filtering happens due to the band bending at the energy barrier and 
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leads to a change in 𝜏 (i.e., mobility). This band alignment can be induced by the introduction of 
inclusions as dopants [76].   
 
 
Figure 14: Carrier filtering due to the band alignment, adapted from ref. [76] with permission.  
 
Electronic band-structure engineering using doping strategies is regarded as an important method 
to enhance the power factor (𝑆2𝜎) by essentially optimizing the carrier concentration (i.e., achieving 
an optimum carrier concentration) to control electrical conductivity and the Seebeck coefficient 
[37]. Dutta et al. [86] have discussed various electronic-structure modulation strategies and their 
recent developments, with a brief background of the underlying ideas. Uniform doping or alloying 
can significantly modify electrical conductivity and improve the Seebeck coefficient; however, 
mobility can be impacted. High carrier mobility plays an important role in obtaining potentially 
high thermoelectric performance. Carrier mobility can be improved by modifying the band 
structure, as well as by controlling the carrier scattering mechanism (e.g., modulation doping)  [24, 
102]. Several factors should be considered for using an appropriate method. For example, the 
nanoparticles may not be treated as scattering centres because the nanoparticle diameters (∼20 nm) 
are much larger than the electron mean free paths (1-2 nm) [103]. To enhance the Seebeck 
coefficient, other mechanisms have been employed, mainly by distorting the electronic structure, 
such as band convergence and resonant state formation [87, 104].  
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2.3.1 Magnetic dopants 
The potential of physical, chemical and structural modification at the nanometre scale is considered 
an important route for developing high-performance thermoelectric compounds [105]. In this 
regard, the concept of magnetism, the magnetic moment, and charged carrier interactions have been 
studied to improve the efficiency of several compounds [106]. In 1971,  Fischer [107] discussed the 
electronic characteristics of dilute magnetic alloys/composites and presented a variety of anomalies 
attributable to the interaction between the magnetic moments of the magnetic impurities (dopants) 
and the conduction band electrons of the matrix.  Later, in 1982, Furdyna [108] reviewed the 
electrical, magnetic, and optical properties of diluted magnetic semiconductors (DMS), sometimes 
referred to as "semi-magnetic" semiconductors. The diluted magnetic semiconductors discussed in 
the mentioned work contain substitutional Mn++ ions randomly distributed in the diluted magnetic 
semiconductor (DMS) lattice. These compounds are ternary semiconductor alloys, whose lattices 
are made up based on the partial substitution of magnetic ions. For example, Cd1-xMnxTe and Hg1-
xMnxTe are two alloys of those systems. In the case of Mn ion, the half-filled 3d
5 shell of Mn++ is 
highly localized at the ion site and contains five electrons with aligned spins, providing each 
individual ion with a magnetic moment equal to five Bohr magnetons. In the above-mentioned 
doped compositions with Mn atoms, the Mn++ ions, and their interactions amongst themselves, 
determine the magnetic characteristics of DMS [108]. These features are interesting for 
understanding and characterizing the behaviour of a disordered magnetic system. The small content 
of added transition or rare-earth impurities creates magnetic characteristics in the nonmagnetic host 
lattice and modified compositions with magnetic features. These properties are attributable to 
exchange splitting, arising from the magnetic interactions among the host lattice and the dopant 
cationic states, which provides the novel and interesting physical properties [109, 110]. As 
semiconductors, these alloys display interesting and important tunability, such as in the energy gap 
and the effective mass, etc., via composition control [108]. As an example, the tunability of the 
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energy gap by composition has been shown via substituting Mn instead of Hg in an Hgl-xMnxTe 
compound (Figure 15).  As shown in this figure, the parent HgTe is a zero-gap semiconductor 
caused by the energy sequence of the Г6 and the Г8 bands. Replacement of Hg by Mn changes the 
relative distance of the Г6 and Г8 bands, creating a drastic impact on the band-structure dependent 
characteristics, for instance the effective carrier mass [108].  
 
Figure 15: Band structure of Hg1-xMnxTe at the centre of the Brillouin zone (the Γ-point) for various 
compositions of the alloy. Δ denotes spin-orbit splitting, 𝐶𝑏 conduction band, ℎ. ℎ and 𝑙. ℎ stand for 
heavy and light holes, respectively, adapted from ref. [108] with permission. 
 
In addition, DMSs are of interest for their magnetic appearances as disordered magnetic alloys, 
providing, for example, the spin glass transition, antiferromagnetic cluster formation, etc., [108]. 
The presence of localized magnetic ions in these semiconductors leads to an exchange interaction 
between the 𝑠𝑝 band electrons and the 𝑑 electrons associated with transition-metal ions (e.g., Mn++), 
resulting in extremely large Zeeman splitting of electronic levels [108]. Zeeman splitting [111] of 
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the free-exciton ground-state creates one of the most direct and convenient situations for scaling the 
exchange effects in wide-gap DMS. These spin-dependent properties also provide some other 
effects, such as the giant Faraday rotation, the magnetic-field-induced metal-insulator transition, 
and the formation of bound magnetic polarons [109]. Moreover, the existence of magnetic ions in 
the DMS lattice enables spin-spin exchange interactions between the localized magnetic moments 
and the band electrons. This interaction influences the energy band and impurity level parameters 
of the semiconductor [108].  
Zener [112] proposed a simple model for the interaction between the magnetic impurity and the 
conduction band electrons of the matrix. This work discussed the interaction between the electrons 
of the d shells in the transition metals by considering three principles: 1) the spin correlation 
between the electrons in the incomplete d shell of a single atom is essentially the same when the 
atom forms part of a solid as when it is isolated in the gaseous state. Also, this coupling is formed 
by the direct exchange between the incomplete 𝑑 shells of nearest neighbours. 2) The exchange 
integral between 𝑑 shells of adjacent atoms has always had the same sign. This coupling is created 
by the exchange between the conduction band electrons and the inner d electrons. The direct 
interaction between d shells of adjacent atoms is thus of such a sign and tends to make an 
antiferromagnetic configuration of the 𝑑 shell spins. Therefore, in the first two principles, the direct 
exchange interaction tends to align the spins of the incomplete d shell in an antiferromagnetic 
manner, and this tendency will be stronger for the larger spin of the 𝑑 shells. 3) The spin of an 
incomplete 𝑑 shell is strongly coupled to the spin of the conduction band electrons. This coupling 
provides alignment of the spins in the incomplete d shells in a ferromagnetic manner. This case 
happens if the indirect coupling dominates over the direct coupling between adjacent 𝑑 shells, 
therefore ferromagnetism is possible [112].  
It is worth noting that the magnetic moment of the impurity vanishes if this coupling with the 
conduction band electrons is large compared with the interaction between the 𝑑-electrons of the 
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impurity [107]. If the transition metal atoms are dissolved in a matrix, and contain only completed 
inner shells, the transition metal atoms have ordered positions such that they are not nearest 
neighbours of one another. In such an alloy there would be no exchange between the incomplete d 
shells [113].   
In the field of doping engineering with magnetic dopants, nanoparticles with magnetic 
characteristics can result in magnetoelectric features and influence the thermoelectric properties via 
different effects, such as carrier spiral motion (carrier trapping-releasing) [114], magnon (spin 
wave) excitations [42, 107, 115, 116], carrier scattering (enhancing the carrier effective mass) [106, 
117, 118], and phonon scattering [114]. A research paper [117] reported on natural chalcopyrite 
minerals (Cu1+xFe1-xS2) obtained from a deep-sea hydrothermal vent with thermoelectric properties 
in the low x region. They detected electron-magnon scattering and a large effective mass in this 
region, based on the strong coupling of doped carriers and antiferromagnetic spins, resulting in the 
natural enhancement of thermoelectric characteristics during mineralization reactions. 
Recently, the work by Wei et al. [119] demonstrated that magnetic doping is an effective strategy 
to modify the thermoelectric performance of p-type Bi0.5Sb1.5Te3. However, the results showed that 
the ferromagnetic Fe/Co elements could not easily enter the Bi0.5Sb1.5Te3 lattice, unlike diamagnetic 
Pb. This process was explained with the concept of the “like dissolves like” rule. Moreover, it was 
reported that ferromagnetic Fe/Co atoms hardly replaced Bi/Sb since Fe/Co needs to fight against 
the spin splitting to enter the Bi0.5Sb1.5Te3 lattice. According to the analysis, by constantly keeping 
the doping content, Fe and Co provided much lower hole carriers in comparison with Pb, due to 
their larger carrier thermal activation energies. Therefore, Fe and Co were indicated as very 
applicable dopants for fine modification of the carrier concentration. The Fe/Co-doped samples 
showed higher Seebeck coefficients and lower carrier mobilities than the Pb-doped sample because 
the doped magnetic atoms (Co and Fe) created additional carrier scattering. Finally, 𝑧𝑇 values of 
about 1.05 and 1.15 near room temperature were reported for the samples with 1.71 atomic % Co 
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and 1.80 atomic % Fe, respectively. Furthermore, at the solid solubility limit, the excess Fe/ Co 
appeared in the impurity phases [119].  
Charge carrier interactions with local magnetic moments may result in increasing the charge carrier 
effective mass, and consequently enhancing thermopower. Vaney et al. [106] doped bulk bismuth 
telluride samples with chromium to make n-type dilute magnetic Bi2-xCrxTe3 (0<x<0.1) compounds. 
The results indicated that by neutral replacement of Bi with Cr (i.e., isovalent substitution of Bi 
with Cr atoms), the resulting compound, Bi1.99Cr0.01Te3, had an enhanced power factor, decreased 
thermal conductivity, and thus an improved zT . The magnetic interactions caused by the magnetic 
moment carried by Cr atoms increased the electrons’ effective mass and enhanced the thermopower.  
Combined with the decrease in lattice thermal conductivity, the overall performance of these 
compounds was enhanced by 25% at constant carrier concentration. The result indicated an 
enhancement principle, such that the magnetic interactions are effective at high temperatures above 
the transition temperature, unlike magnon drag, which is dependent on ordering and, typically, on 
a low temperature effect [106]. Another work [118] presented that the carriers in CuGa1-xMnxTe2 
were strongly correlated with the Mn magnetic moments due to the magnetic and magnetotransport 
effects. This type of local interaction enhanced the holes’ effective mass, resulting in relatively high 
Seebeck coefficients. Strong interactions between the Mn magnetic moments and charge carriers 
were inferred, based on the large negative Weiss temperature in the magnetic susceptibility, and a 
distinctive anomalous Hall effect  [118]. In this regard, Tang et al. [120] employed Mn to preserve 
the large Seebeck coefficient of  BiCuSeO alloys, also improving the carrier mobility, and thus 
enhancing the electrical conductivity by light element Li doping. Spin entropy due to the spin 
degeneracies of magnetic transition metals is another effect of magnetic element doping. The spin 
entropy current created by free spins contributes to enhancement of the Seebeck coefficient in 
materials [120].  
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In the later sections, two main impacts of magnetic nanoparticles on electrical conductivity and the 
Seebeck coefficient, in terms of carrier scattering/trapping and spin-entropy interaction, will be 
evaluated and discussed.   
2.3.1.1 Carrier Scattering/Trapping 
According to Maxwell’s electromagnetic theory, magnetic impurities (i.e., magnetic dopants) may 
change the movement direction of the moving charged carriers due to the Lorentz force interaction, 
while the velocity magnitude is preserved. Based on this theory, charged particles (electrons and 
holes) confined to circular paths or helices are trapped by magnetic impurities due to the Lorentz 
force [105, 114]. Zhao et al. [114] classified the electrons’ motion based on their movement 
direction versus their magnetic field. Those electrons with velocities parallel to the magnetic field 
Figure 16) move linearly and are not affected by the magnetic field (Figure 16b and c). Those 
electrons with their velocity direction perpendicular to the magnetic field (Figure 16d), are formed 
with circular paths in the ferromagnetism state (Figure 16e). These electrons will move linearly in 
the paramagnetism state, as shown in Figure 16f. Those electrons with velocities having 
components parallel and perpendicular to the magnetic field (Figure 16g) move in a spiral pattern. 
These electrons are trapped by magnetic nanoparticles in the ferromagnetism state (Figure 16h).The 














































Figure 16: Effect of permanent magnet nanoparticles on electrical transport. a-c) carrier velocity 
direction is parallel to the magnetic field direction, d-f) carrier velocity direction is perpendicular 
to the magnetic field direction, g-i) carrier velocity direction components are parallel and 
perpendicular to the magnetic field direction, and j) change in carrier connotation versus 
temperature for xBaM/Ba0.3In0.3Co4Sb12 magnetic nanocomposites. The carrier concentration 
increases at temperatures above 𝑇𝐶,- magnetic temperature transition, which releases the trapped 
carriers, adapted from ref. [114] with permission.  
 
The above-mentioned results were experimentally evaluated by the significant increase in carrier 
concertation of (x (BaFe12O19) nanoparticles, xBaM)/Ba0.3In0.3Co4Sb12 above 𝑇𝐶=675 K, (Figure 
16j), which shows that the BaM-nanoparticles lowered the carrier concentrations of 
xBaM/Ba0.3In0.3Co4Sb12 at a low temperature range (T<675K).  Based on the  “electron repository” 
role of the BaM-nanoparticles in xBaM/ Ba0.3In0.3Co4Sb12, the magnetic nanoparticles trap electrons 
below the 𝑇𝐶 and release the trapped electrons above the 𝑇𝐶 [114]. Similarly, another work [121] 
evaluated the addition of BaFe12O19 magnetic nanoparticles to the In0.25Co4Sb12 matrix and observed 
two results: 1) the addition of BaFe12O19 nanoparticles reduced the grain size of the In-filled CoSb3 
matrix and increased the defects, causing an increase in carrier density; 2) electron capturing due to 
the generated magnetic field by BaFe12O19 magnetic nanoparticles in the low-temperature range 
below 550 K resulted in a decrease in carrier concentration. In temperatures above 550 K, BaFe12O19 
magnetic nanoparticles with a paramagnetic state released the trapped electrons because of the 
disappearance of the micromagnetic field interaction with the magnetic nanoparticles [121].  
Embedded magnetic nanoparticles in thermoelectric compositions may act as scattering centres for 
the phonons at nanometre scales. In particular, magnetic nanoparticles in a superparamagnetic state 
cause additional electron and phonon scattering due to the random turning of the magnetic domain 
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[105]. The introduction of superparamagnetic nanoparticles into a thermoelectric compound may 
provide a new method of manipulating electron and phonon transport simultaneously at nanometre 
scales [105]. The superparamagnetic behaviour of nanoparticles may result in three types of thermo-
electromagnetic effects: 1) charge transfer from the magnetic inclusions to the matrix, 2) multiple 
electron scattering by superparamagnetic fluctuations, and 3) phonon scattering caused by both the 
magnetic fluctuations and the nanostructures [105]. Theoretically, soft-magnet transition-metals, 
such as Fe, Co and Ni nanoparticles, can experience a magnetic transition from ferromagnetism to 
superparamagnetism if the magnetocrystalline anisotropy energy is equivalent to/smaller than the 
thermal energy. The above-mentioned work [105] showed dual control of phonon- and electron-
transport properties by embedding soft-magnetic nanoparticles (Co nanoparticles) in 
xCo/Ba0.3In0.3Co4Sb12 (x =  0.1%)  thermoelectric particles to optimize the transport parameters of 
electrical conductivity (𝜎), Seebeck (𝑆), and thermal conductivity (𝜅). The results show the presence 
of an important mechanism for multiple scattering of electrons induced by superparamagnetic Co 
nanoparticles. In the superparamagnetic state, the magnetic moment of Co nanoparticles is not rigid 
and is changed randomly, which may result in a multiple scattering mechanism. The resultant 
multiple scattering is similar to the Kondo effect, in which the conduction electrons experience 
multiple scattering caused by antiferromagnetic coupling [105].  
2.3.1.2 Magnon (spin wave) excitations 
In addition to spin fluctuations caused by magnetic transition, the effect of magnon (spin wave) 
excitations should be considered for thermoelectric compounds doped with magnetic nanoparticles. 
Magnons in magnetic compositions interact with electrons throughout the bulk of the material. One 
measurable consequence of this interaction is the magnon-drag thermopower result due to 
thermagnonic heat flux dragging along the electronic charge carriers [122]. Blatt et al. [123] first 
suggested the magnon drag thermopower is the dominant mechanism behind the high thermopower 
(Seebeck, 𝑆) of elemental Fe. Grannemann et al. [124] measured a consistent decrease created by 
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the magnon-drag contribution to the Peltier coefficient via field quenching for Ni66Cu34. Lucassen 
et al. [125], pointed out a relationship between the dissipative spin-transfer-torque parameter (𝛽) 
and the contribution of magnon drag to the thermoelectric power in conducting ferromagnets. They 
showed that this parameter is dependent on the ratio of the magnon-drag thermopower and the 
magnon heat conductivity.  
Watzman et al. [122] showed that magnon drag directs the thermopower of elemental Fe in the 
temperature range from 2 to 80 K, of elemental Co from 150 to 600 K, and of elemental Ni from 50 
to 500 K. This work presents two theoretical models for magnon-drag thermopower, 1) 
hydrodynamic theory based purely on nonrelativistic, Galilean, spin-preserving electron-magnon 
scattering, and 2) based on spin-motive forces, where the thermopower created by the electric 
current pumped via the dynamic magnetization associated with a magnon heat flux [122]. In the 
above-mentioned research, magnons and electrons were treated as two fluids, by only considering 
the interaction between the two fluids with no further electron-phonon or magnon scatterings. As a 
result, the authors suggest that the magnon-drag thermopower (𝑆𝑚𝑑) is proportional to the magnon 
heat capacity (𝐶𝑚), 𝑆𝑚𝑑 ∝ 𝐶𝑚 ∝ 𝑇
3/2 [122].  
In general, thermopower  in ferromagnetic materials is achieved through collaborations of various 
parameters,  including phonon diffusion, phonon drag, magnon drag, and spin wave fluctuations, as 
illustrated in Equation 5 [117, 126]. 
 
           Low temperature Magnon drag effect Spin-wave fluctuation 
 
𝑆 = 𝑆0 + 𝑆1𝑇 + 𝑆3/2𝑇
3/2 + 𝑆3𝑇
3 + 𝑆4𝑇
4      (5). 
                      
                                Phonon diffusion 
 
    Phonon drag 
 
Phonon drag [127], a well-established principle in thermoelectricity, is central to thermopower 
generation (i.e., electrons’ drag and movement) and is created by nonequilibrium phonons’ energy 
under a temperature gradient (∇𝑇). Similarly, in the magnon drag process, the magnons owning 
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nonequilibrium energy levels transfer momentum to the conduction electrons [128] by moving from 
the hot side to the cold region. In this process, the spin disorder increases with temperature due to 
thermal excitation and results in higher levels of magnetic entropy [129]. Schlickeiser et al. [129] 
studied thermally-driven magnetic domain wall (DW) motion via magnonic spin currents and 
showed that the temperature gradient makes a torque term, thereby maximizing the magnetic 
entropy. Also, they reported that the maximum change in entropy (𝛥𝑆) occurs at a temperature 
slightly below the Curie temperature (𝑇𝐶) [129].  In this regard, the spin caloritronic (i.e., the Spin 
Seebeck effect) evaluates the transport of spin, charge, entropy, and energy in magnetic systems 
[129-132]. The spin Seebeck effect is based on the spin caloritronic phenomenon and defines the 
occurrence of spin currents or spin accumulation by temperature gradients [129-132]. The extra 
degree of freedom produced by the electron spin and magnetic order may result in strategies to 
increase thermoelectric efficiency [133, 134]. In this field, the total Seebeck coefficient for spin-





                    (6), 
 
in which, 𝑆↑, 𝜎↑ and 𝑆↓, 𝜎↓  are the Seebeck coefficient and electrical conductivity for spin up and 
spin down electrons, respectively.  
The magnon-/spin wave fluctuation-related effects are defined on the basis of thermally 
nonequilibrium spin currents [135]. The electronic entropy is indicated to be increased due to spin 
fluctuations. In this field, thermopower, roughly regarded as the entropy, is transferred by a charge 
carrier, and can be improved through spin fluctuations in the vicinity of the magnetic ordering. 
Studies [135, 136] show that spin fluctuations in ferromagnetic metals can cause a peak in the 
Seebeck coefficient around Curie temperature, and are characteristic to the spin fluctuation energy. 
Tsujii et al. [135] presented that the power factor can be enhanced by incorporating magnetic 
interactions in ferromagnetic metals via the spin fluctuation caused by itinerant electrons. They 
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showed the weak ferromagnetism at 𝑇𝐶  with a small magnetic moment for electron doped Heusler 
alloys, Fe2V1-xTxAl1-ySiy. The results displayed an enhancement (20% improvement in the power 
factor) around 𝑇𝐶 in comparison with cases in which the spin fluctuation was suppressed under an 
applied magnetic field to support the merit of using spin fluctuation to further enhance 
thermoelectric properties.  
Mayer et al. [115] modelled two possible contributions to the thermopower, including diffusion and 
exchange effects (𝑆 = 𝑆𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 + 𝑆𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒). They expressed the thermopower due to diffusion 










          (7), 
where 𝑔𝑑𝑒𝑙ሺ𝐸ሻ is the delocalized density of states and 𝐹ሺ𝐸ሻ is the Fermi-Dirac distribution function.  
In dilute magnetic semiconductors, another additional contribution to the thermopower originating 




                       (8), 
 
where 𝑇0 is the Kondo temperature and 𝑆0 is a temperature independent parameter defined in terms 
of the exchange integral, spin operator, resistivity, potential, and physical constants [115].  
Kondo [137] explained that conduction band electrons may change their spin states by being 
scattered against the magnetic impurities. By considering the effect of magnon drag on 
thermopower, another work [40] derived a theoretical model for magnon-bipolar carrier drag 
thermopower, based on the magnon-carrier interaction lifetimes. This research reported the 
experimental observation of magnon-carrier drag thermopower in n-type and intrinsic 
ferromagnetic semiconductors. The p-type antiferromagnetic MnTe was doped with different 
amounts of Cr to produce nondegenerate and n-type semiconductors of various carrier 
concentrations. They applied the following expressions, based on the  fundamental theory of 
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diffusion and drag thermopower in intrinsic semiconductors, for the thermopowers due to diffusion 
(𝑆𝑛
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                             (10), 
in which, 𝑛 is the carrier concentration, 𝑟 shows the electronic scattering parameter, 𝑚∗ denotes the 
effective carrier mass, 𝐶 is the magnon group velocity, 𝑇 is temperature, 𝜏𝑚 is the magnon lifetime 
due to all scatterings but charge carriers (magnon-magnon scattering), 𝜏𝑒𝑚 is the charge carrier 
relaxation time due to scattering by magnons (carrier-on-magnon scattering), and 𝜏𝑚𝑒 is the magnon 






 is the reduced chemical potential energy of the carriers, and ሺ𝑟 +
5
2
ሻ is used as the reduced 
kinetic energy of the carrier.  
The above-mentioned studies reveal the importance of magnon (spin wave) excitation’s effects on 
thermoelectric compounds doped with magnetic nanoparticles. In addition to thermopower, the 
electrical conductivity of ferromagnetic metals was reported with an anomalous temperature 
dependence below the Curie temperature (𝑇𝐶) [138]. This observation has been interpreted by Mott 
[139] on the basis of the band model, and by Kasuya [140] on the basis of the localized d-electron 
model. The anomalous Hall effect (AHE) and the magnetoresistance have been explained 
theoretically by Karplus and Luttinger [141, 142] and by Smie [143] on the basis of the band model. 
Nagaosa et al. [144] comprehensively reviewed experimental and theoretical studies of the AHE 
and readers are referred to this work for further discussion. Here, we are focusing on the relevance 
of the intrinsic mechanisms in magnetic compositions with spin-orbit coupling, for instance diluted 
magnetic semiconductors. The evidence of the magnetic moment-carrier interaction characterized 
by measuring the Hall resistance and the AHE is good evidence of the correlation between carriers 
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and magnetic moments [118]. The anomalous Hall effect has deep roots in the history of electricity 
and magnetism. In 1879, Edwin H. Hall [145] showed that when a current-carrying conductor is 
located in a magnetic field, the Lorentz force influences its electrons against one side of the 
conductor. Later [146], he reported this effect to be ten times larger in ferromagnetic iron in 
comparison with nonmagnetic conductors. The well-known ferromagnetic feedback of charge 
carriers in ferromagnetic semiconductors is defined as AHE [147]. In the other words, the 
emergence of voltage transverse in response to the applied current and external magnetic field with 
respect to the magnetization is attributable to asymmetric carrier scattering by magnetic impurities 
in the existence of spin-orbit association [147].  
The Hall resistivity is generally expressed as an empirical relationship between 𝜌𝑥𝑦 (Hall 
resistivity), 𝐻𝑧 (applied perpendicular field Hz), and 𝑀𝑧 (magnetization), 
𝜌𝑥𝑦 = 𝑅𝑜𝐻𝑧 + 𝑅𝑠𝑀𝑧                         (11), 
where the first term corresponds to the normal Hall contribution, and the second term represents the 
contribution of the anomalous Hall effect (AHE). 𝑅𝑜 and 𝑅𝑠 are ordinary and anomalous Hall 
coefficients, respectively [135, 144, 147]. Experimental investigators showed that the dependence 
of the Hall resistivity (𝜌𝑥𝑦) on an applied  perpendicular field (𝐻𝑧) is qualitatively different in 
ferromagnetic and nonmagnetic conductors. The Hall resistivity increases linearly versus 𝐻𝑧, by 
considering the Lorentz force. However, in ferromagnets, 𝜌𝑥𝑦 initially increases steeply in weak 
𝐻𝑧, but saturates at a large value, which is nearly 𝐻𝑧  independent [144, 147]. 
Hidemi et al. [147] evaluated the anomalous Hall effect governed by electron doping in a room-
temperature transparent ferromagnetic semiconductor, namely rutile Ti1–xCoxO2–δ (of oxygen 
deficiency, 𝛿). As illustrated in Figure 17, 𝜌𝑥𝑦 increases rapidly up to 0.2 T versus the magnetic 
field, and gradually decreases linearly with any further increasing magnetic field. This behaviour 
exhibits that the anomalous part of 𝜌𝑥𝑦 (𝜌𝐴𝐻𝐸), proportional to magnetization, is mainly found in a 
lower magnetic field, while the ordinary part of Hall resistance (𝜌𝑂𝐻𝐸ሻ remains. 




Figure 17:Magnetic-field dependence of Hall resistivity (𝜌𝑥𝑦) for Ti1–xCoxO2–δ. ρxy = ROB + Rsµ0M 
(B: magnetic induction, µ0: magnetic permeability, M: magnetization, Ro: ordinary Hall coefficient, 
Rs: anomalous Hall coefficient), reused from ref. [147] with permission. 
On the basis of the intrinsic influence of the AHE, by applying an external electric force on 
ferromagnetic conductors, electrons achieve an additional impact on their group velocity, as an 
anomalous velocity, which is perpendicular to the electric field and implies a contribution to the 
Hall conductivity 𝜎𝑥𝑦 [144]. 
2.3.2 Modulation doping 
As clearly mentioned above, increased carrier mobility results in higher 𝑧𝑇 values via increasing 
electrical conductivity. Through the doping strategies available to increase electrical conductivity, 
modulation doping has been proven as an efficient method to increase carrier mobility and thus 
thermoelectric performance. This method, in and of itself as a mechanism and in combination with 
other enhancement mechanisms to improve thermoelectric performance, was originally proposed 
by Dresselhaus and Hicks [98] and has been considered in various studies [49, 50, 80, 82, 83, 93, 
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148].  The modulation doping process, unlike conventional uniform doping (alloying), results in 
atomic scale structural changes, similar to phase-separated (heterostructured) composites [148]. The 
reasons and motivations for employing this technique as a form of remote doping in developing 
thermoelectric compounds  mainly focus on the achievement of high carrier concentrations, without 
decreasing the carrier mobility – caused by scattering – by avoiding the scattering created by ionized 
impurities [37, 49, 75]. This technique has been widely used in thin film devices designed to 
improve electrical conductivity. In general, these devices are made of three layers, including a doped 
layer to provide charge carriers, an undoped layer to serve as a charge transport channel with no 
parent impurity atoms, and a third layer serving as a thin spacer layer between the doped and 
undoped layers.  This layer acts as a separator to avoid impurity diffusion from the doped layer into 
those that are undoped [102]. In terms of the doped/undoped layer interface, the moving of 
electrons/holes from the doped to the undoped layer will proceed if the doped layer has a 
higher/lower conduction/valence band edge against the undoped one for n/p-type doped 
semiconductors [102]. Otherwise, the Schottky barrier will disrupt the electrical transport and the 
effect of modulation doping will be diminished. Similarly, in bulk samples (3D), the ionized 
nanoparticles come from the doping nanograins, while the host matrix is left either undoped or 
lightly doped.  
Figure 18a presents a list of thermoelectric compounds, which employ the modulation doping 
method to improve their thermoelectric properties, combined with other factors (e.g., a reduction in 
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Figure 18: a) Thermoelectric compounds which employ the modulation doping method to improve 
thermoelectric properties combined with other factors (e.g., reduction in lattice thermal 
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optimally-doped matrix of Si95Ge5P2 [82], c) Temperature-dependent electrical conductivity, 
(Si80Ge20)70(Si100B5)30 (modulation doping),  Si86Ge14B1.5 (uniformly alloyed single-phase 
nanocomposite), p-type SiGe (bulk alloy), d) Temperature-dependent electrical conductivity, 
(Si80Ge20)80(Si100P3)20 (modulation doping),  Si84Ge16B0.6 (uniformly alloyed single-phase 
nanocomposite), n-type SiGe (bulk alloy), e) Temperature-dependent Seebeck coefficient, 
(Si80Ge20)70(Si100B5)30 (modulation doping),  Si86Ge14B1.5 (uniformly alloyed single-phase 
nanocomposite), p-type SiGe (bulk alloy),  f) Temperature-dependent Seebeck coefficient, 
(Si80Ge20)80(Si100P3)20 (modulation doping),  Si84Ge16B0.6 (uniformly alloyed single-phase 
nanocomposite), n-type SiGe (bulk alloy) [83]. 
 
Research [82] compared modulation-doping with uniform impurity doping data for an optimally 
doped matrix, Si95Ge5P2 (Figure 18b). As shown in this figure, over the whole temperature range, 
the modulation-doped sample has a higher electrical conductivity due to higher carrier mobility than 
the equivalent uniform sample (e.g., 36.42 cm2V-1s-1 (modulation doped sample), 24.26 cm2V-1s-1 
(uniform counterpart)). The difference is relatively large at low temperatures but becomes smaller 
as the temperature increases, since electron-phonon scattering increases with temperature and starts 
to dominate at high temperatures [82].  One issue in the modulation doping scheme is increasing 
the electronic part of the thermal conductivity due to the produced enhancement in electrical 
conductivity. Such an increase in the electronic part is unavoidable since charge carriers are also 
heat carriers. Moreover, the new phase (dopants) may have higher thermal conductivity than the 
matrix, which would result in higher total thermal conductivity [82].  In this regard, strategies such 
as nanostructuring may be helpful to reduce thermal conductivity due to the modulation-doping 
scheme [82]. Zebarjadi et al. [83] considered a two-phase composite (𝐴&𝐵) and estimated the 









                            (12), 
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where 𝑛𝐴 and 𝑛𝐵 stand for the modified carrier densities, and 𝜇𝐴 and 𝜇𝐵 show the carrier mobilities 
in grains 𝐴 and 𝐵, respectively. To obtain the Seebeck coefficient of the two-phase composite, they 
assumed two connected grains in series. The Seebeck coefficients added up with the thermal 












                                  (13). 
Here, 𝑆𝐴 and 𝑆𝐵 denote the Seebeck coefficients of grains 𝐴 and 𝐵, respectively; and 𝜅𝐴 and 𝜅𝐵 are 
their corresponding thermal conductivities [83].  The results showed that using two types of grains 
provides another strategy to improve the performance of the thermoelectric bulk compound via 
enhancing the power factor in addition to a reduction in thermal conductivity. The results show that 
the electrical conductivity of the modulation-doped samples is higher than that of their equivalent 
uniformly doped nanostructured samples in both n-type and p-type compositions (Figure 18c and 
d). In contrast, the difference between the Seebeck coefficient for the two types of samples is less 
significant (Figure 18e and f) [83].  
Some findings were suggested in the above-mentioned works to obtain maximum benefit from the 
modulation-doping strategy [82, 83]. Both types of grains in the modulation-doped samples should 
be fabricated of good thermoelectric compounds with low-lattice thermal conductivity [83]. The 
band edge of the conduction/valence band of nanoparticles should be higher/lower than that of the 
host; therefore, the carriers can transfer from the nanoparticle to the host [83]. The nanoparticles 
should create proper band alignments with the matrix to facilitate the carrier’s flow from the 
nanoparticles into the matrix [82]. In nanocomposites formed by two consolidated grains, however, 
the band alignment may be influenced  by applied tension on the grains and thus create possible 
dangling bonds, trapped charges at the interfaces, and the presence of impurities at the boundaries 
[82]. Using a host matrix with a larger effective mass compared with that of the nanoparticles – the 
ones with a low density of states compared with the matrix –  is an effective strategy to increase the 
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number of available states inside the host matrix, and therefore to promote the flow of charge from 
the nanoparticles into the host matrix [82, 83]. Therefore, by engineering the Fermi level and 
designing the right compositions, the modulation doping strategy could have significant potential 
to improve the performance of thermoelectric compounds [83].  
Another work [80] quantitatively evaluated the effects of modulation doping on improving electrical 
conductivity, based on self-consistent effective medium theory [156]. The effective electrical 
conductivity (𝜎𝑒𝑓𝑓) value of a heterogeneous composite consisting of two phases of undoped (𝜎𝐴) 







= 0        (14), 
where 𝑉𝐴 and 𝑉𝐵 are the volume fractions of phases 𝐴 and 𝐵, respectively.  
Jovovic et al. [79] showed that the thermoelectric properties of AgSbTe2 are modified by doping 
the material p-type. The overall 𝑧𝑇 of both Na-doped and Tl-doped AgSbTe2 reached values in 
excess of 1 at 400 K and remained higher than 0.8 near and above room temperature. It is noteworthy 
that the diffusion between the matrix and the nanoparticles via a solid solution should be considered 
in the modulation-doping process. In a work [153],  modulation doping of half-metallic MnNiSb in 
the TiNiSn system was evaluated by using spark plasma sintering. 
It was found that MnNiSb dissolves into the TiNiSn matrix and forms a heavily doped Ti1-
xMnxNiSn1-xSbx phase, which leads to a largely enhanced carrier concentration and a slight increase 
of carrier mobility.  As a result, the electrical conductivity and power factor of the modulation doped 
compounds are greatly improved. A maximum power factor of 45×10-4 WK-2m-1 is obtained at a 
temperature of 750 K for the modulation doping system (TiNiSn)1-x+(MnNiSb)x with x=0.05. They 
also reported a reduction in the lattice thermal conductivity due to the enhanced phonon scattering. 
Benefitting from the improved power factor and reduced lattice thermal conductivity, a peak 𝑧𝑇 of 
0.63 was reported at a temperature of 823 K for x = 0.05, which is about 70% higher than the peak 
𝑧𝑇 of TiNiSn [153].  
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In further steps,  the idea of using of anti-resonance nanoparticle methods was mentioned as an 
important advance for enhancing the power factor in thermoelectric compounds [50]. In this work 
[50], a sharp dip in the scattering cross section function versus carrier energy is referred to as anti-
resonant scattering. Two ways were mentioned for this concept to enhance thermoelectric 
performance, including 1) since such dopants are invisible to the conduction carriers, their 
interaction scattering cross section with the conduction carriers is minimal. The anti-resonant 
doping results in lower carrier scattering at high carrier concentrations and mitigates the side effects 
of conventional doping, thereby improving electrical conductivity. 2) The sharp scattering dip may 
create sharp features in the relaxation times and hence in the differential conductivity. Moreover, 
the results were expected to provide an actual thermal conductivity reduction caused by a large 
acoustic mismatch between the core-shell and the host matrix materials. Therefore, the anti-
resonance strategy applied to the nanoparticle-doped samples points to a direction that can be used 
to improve the three parameters determining performance (𝑧𝑇) for doped thermoelectric compounds 
[50]. In a further advance, another research paper [81], aimed to embed nanoparticles in a host 
semiconductor with a size comparable with electronic wavelengths, making them “invisible” to the 
electron transport. The results indicated possible applications of the ‘‘electron cloaks’’ when 
designing energy harvesting, conversion technologies, electronic switches, and sensors.  They 
showed that this system is adequate to cloak the nanoparticles from being distinguished by electrons 
with specific energies and hence the total achieved scattering cross section is smaller than 0.01% of 
the physical cross section.  
2.3.3 Band convergence 
Goldsmid et al. [33] evaluated the manipulation of the density of states function as a promising 
approach to improve the power factor, by means such as the introduction of impurity bands. The 
results expressed the contributions from carriers in an impurity band to the Seebeck coefficient and 
electrical conductivity in terms of the Fermi energy, alongside the position of the impurity levels 
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relative to the edge of the main band [33]. Band engineering is one of the core strategies to improve 
the performance of thermoelectric compounds. Excellent progress has recently been made through 
band engineering, such as band convergence [76, 157-166], leading to modifications in both the 
electrical conductivity and Seebeck coefficient. In this regard, the energy-alignment of multiple 
electronic band pockets at the band edge – widely named band convergence – is one of the most 
successful approaches for systematic enhancement of electronic performance of thermoelectric 
compounds [162-168]. Hong et al. [169]  provide numerical investigations into the effects of band 
convergence on the electronic properties. Figure 19 shows a list of thermoelectric compounds that 
have been used with the band convergence approach combined with other factors (e.g., a reduction 
in lattice thermal conductivity) to improve thermoelectric performance. 
 
  
Figure 19: List of thermoelectric compounds using the band convergence approach combined 
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As shown in Figure 19, band convergence has been used to enhance the thermoelectric performance 
of chalcogenides. Rocksalt structured thermoelectric chalcogenides, such as PbTe, PbSe, and SnTe 
have been introduced as the top candidates for mid to high temperature applications, while their p-
type thermoelectric efficiencies can be improved by aligning the valence bands [88, 169]. In this 
regard, SnTe has emerged as an environmentally-friendly alternative to the conventional 
thermoelectric compound PbTe, which contains the toxic element (Pb) [53]. One issue that limits 
the application of SnTe is its electronic structure. Similar to PbTe and PbSe, tin telluride (SnTe) has 
two valence bands: the light-hole valence band at the 𝐿 point of the highly symmetrical Brillouin 
zone, and the other one the heavy-hole valence band lying at the 𝛴 point energetically below the 𝐿 
point [157]. In contrast with the small band gap (0.18 eV, 300 K) [157], pristine SnTe has a much 
larger band offset between its two valence bands [88, 157, 189]. The room-temperature energy 
separation (𝛥𝐸) between the so-called upper light-hole band at the 𝐿 point (Brillouin zone) and 
lower heavy-hole band at the 𝛴 point of SnTe (∼0.3-0.4 eV) is much bigger than in PbTe (𝛥𝐸 ∼0.17 
eV) [88, 157, 175]. This large 𝛥𝐸 in SnTe prevents significant contribution of heavy-hole bands to 
the Seebeck coefficient for SnTe [88, 157, 175]. Moreover, the very small band gap of SnTe is not 
useful for retaining high thermoelectric performance at high temperatures because of its bipolar 
diffusion. Another reason why pristine SnTe is not considered to be a promising thermoelectric 
material is the ultra-high hole density (>1021cm-3) caused by the very large number of intrinsic Sn 
lattice vacancies [157, 175].  
Recently, a work [53] reported an improved high power factor and thermoelectric performance of  
SnTe through the synergy of resonance levels, band convergence, and nanostructuring. The results 
show that the  coexistence of resonant levels via In-doping and band convergence with Ca-doping 
made an improvement in the Seebeck coefficient, and thus power factor [53]. A Ca and In co-doped 
structure such as Sn24In1Ca2Te27 exhibits a higher density of state attributable to the In-doping. 
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Figure 20 illustrates the light-heavy valence offset 𝛥𝐸𝐿−𝛴  for pristine SnTe, In-doped SnTe, and Ca 
and In co-doped SnTe compounds.  
  
Figure 20: DFT calculation of the energy band structure a) Sn27Te27, b) Sn26In1Te27, c) 
Sn26In1Ca2Te27, d) light-heavy valence offset ∆𝐸𝐿−𝛴 for Sn27Te27, Sn26In1Te27, and Sn26In1Ca2Te27, 
e) density of states of Sn27Te27, Sn26In1Te27, and Sn26In1Ca2Te27 near the Fermi level, f) energy gap 
Eg for Sn27Te27, Sn26In1Te27, and Sn26In1Ca2Te27, adapted from ref. [53] with permission. 
Pristine SnTe has a large valance offset of 𝛥𝐸𝐿−𝛴 =0.34 eV (Figure 20a), while In-doped compounds 
reduce the gap to 0.25 eV (Figure 20b), and  the addition of Ca further reduces the valance offset to 
0.15 eV (Figure 20c and 9). The comparison of conduction and valence band gaps (𝐸𝑔) – as shown 
in Figure 20e and f –  shows that the bandgaps of the SnTe and Sn24Ca2InTe27 expand from 0.04 to 
0.29 eV, respectively [53]. In other research [190], PbSe, as an attractive thermoelectric material, 
was mixed with NaSbSe2 to make NaPbmSbSem+2 and produce a new p-type, PbSe-based 
thermoelectrics. The calculations based on density functional theory and photoemission 
spectroscopy demonstrate that introduction of NaSbSe2 decreases the energy separation between 
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the 𝐿- and 𝛴-valence bands and provides an enhancement in the power factors under a temperature 
of 700 K. Two beneficial  effects were reported for alloying NaSbSe2 into PbSe in terms of 
thermoelectric characteristics, based on the reduction of the energy separation between 𝐿- and 𝛴-
valence bands, which increased the  density of states’ effective mass and thus the power factors, 
and enabled the creation of strong point-defect phonon scattering, which decreases the thermal 
conductivity without nanostructuring [190].  Kanatzidis et al. [84] present the DFT calculations of 
the electronic structure regarding modifications of the valence band structure GeTe via the 
introduction of Mn. The band calculations show that the conduction bands are made mostly based 
on Ge 4p states and the valence bands chiefly based on Te 5p states for both the rhombohedral and 
rock-salt structures. On the basis of the calculations for the rhombohedral Ge1-xMnxTe structure, the 
energy difference between the first and second valence band maxima decreases to 0.04 eV for 
Ge25Mn2Te27 in comparison with pristine GeTe (0.15 eV), which signifies that band convergence 
of the two valence bands has occurred. However, that energy difference stays unchanged for 
Ge26MnTe27 as 0.14 eV. Moreover, the addition of MnTe (i.e., Mn-doping) into GeTe created a new 
state in the band gap, regardless of the crystal structures being either rhombohedral (Figure 21 a-c) 
or  rock-salt cubic (Figure 21 e-g), attributable to Mn 3d states, – displayed in red dots in Figure 21. 




Figure 21: Band structure of Ge27-xMnxTe27 (x=0,1,2) compounds in (a-c) a low temperature 
rhombohedral structure, d) Brillouin zones of GeTe with a low temperature rhombohedral 
structure, (e-g) a high temperature cubic structure, and h) Brillouin zones of GeTe with a high 
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temperature cubic structure. MnTe creates some impurity states in the band gap, as illustrated by 
the red dots, reused from ref. [84] with permission. 
As illustrated in Figure 21, alloying with MnTe enhances convergence of the two valence bands of 
Ge1−xMnxTe, both in the rhombohedral and the rock-salt cubic phase. In addition, introduction of 
MnTe provides the extra states in the gap for both the low temperature rhombohedral phase (Figure 
21a-c), and the high temperature cubic phase (Figure 21 e-g). At high temperatures (as exhibited in 
Figure 21e-g), the main involvement to the hole transport is achieved from the valence band 
maximum at the 𝐿 and 𝛴 points of the Brillouin zone. In pure GeTe with a cubic structure (Figure 
21e), the energy difference between the valence band maxima at the 𝐿 and 𝛴 points is about 0.21 
eV, while after the introduction of MnTe, the energy difference of Ge26MnTe27 and Ge25Mn2Te27 
reduces to 0.05 and 0.01 eV, respectively [84].   
Implementing the band convergence – engineering bands with different energies to have the same 
energy via raising or lowering to align bands – via alloying is linked to the underlying nature of the 
chemical bonds in thermoelectric compounds [76, 158]. In this field, depending on the materials 
and the positions of the band in the Brillouin zone, the energy of the band may vary with the 
changing bonding interactions in the alloys [76, 158]. Therefore, by considering the collaboration 
of both light (𝐿-band) and heavy (𝛴-band) valences, the Hall carrier concentration and Seebeck 











                (16), 
where, 𝑛, µ, and 𝑆  stand for the carrier concentration, mobility, and Seebeck coefficient, 
respectively [162].  
Here the question is when the band convergence is effective to enhance the thermoelectric 
properties. One idea that should be considered is the presence of another band near the primary 
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band, which mostly associates to the carrier transport. For n-type compounds, the second band 
should be located with an energy above the primary band. For p-type materials, a second band with 
an energy just below the primary band is a strong candidate that can contribute to in band 
convergence [76]. As an obvious reported outcome for the band convergence strategy,  unlike band 
flattening, the effectively converged light and heavy valence/conduction bands increase the band 
degeneracy (𝑁𝑉), and thus enhance the density state effective mass (𝑚𝑑
∗ ) with no significant 
reduction of mobility [76, 165].  As abovementioned and represented in Equation 18 (heavily doped 
TE materials), a high Seebeck coefficient can be achieved by manipulating the density state 
effective mass (𝑚𝑑
∗ ) through band convergence, even though it does not result in any reduction in 









∗       (17). 
The relationship of 𝑚𝑑
∗   and the effective mass of the single Fermi pocket (𝑚𝑏
∗ )  is expressed as 





∗                   (18). 
During the band convergence, 𝑁𝑉 and consequently 𝑚𝑑
∗  (becoming heavier) are increased, while 
the 𝑚𝑏
∗   stays constant. However, band flattening will increase 𝑚𝑏
∗  instead of 𝑁𝑉. Based on the 
calculated expression (Equation 19) [76] for electrical conductivity (𝜎) through collaboration of 𝑁𝑉 
and 𝑚𝑏











𝐹0ሺ𝜂ሻ     (19). 
Here, the band-related parameters of 𝐶𝑙, and 𝛯 are the elastic constant, and the deformation 
potential, respectively. Therefore, according to Equation 19, band convergence provides greater 𝑁𝑉 
with constant 𝑚𝑏
∗ ,  which results in a higher σ. However, band flattening 𝑚𝑏
∗  is increased with a 
constant 𝑁𝑉, which reduces 𝜎. Hence, band convergence is an effective approach to optimize the 
power factor, as it improves both the Seebeck coefficients and electrical conductivity [76]. Recently, 
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Parkand et al. [167] investigated the behaviours of band convergence helpful for thermoelectrics, 
based on the additional inter-band scattering of carriers to other bands caused by band convergence. 
They performed first-principles treatment of electron-phonon (e-ph) scattering in CaMg2Sb2-
CaZn2Sb2 Zintl alloy and full Heusler Sr2SbAu to demonstrate the benefit of band convergence 
based on inter-band scattering. The results highlighted that electron-phonon scattering among the 
bands can intrinsically cancel out the advantage of band convergence, specifically in the case of 
bands converging at one k-point. Also, they stated that multi-band convergence at a single k-point 
(e.g., in the Zintl alloy) is much less advantageous than multi-pocket convergence at distant k-
points, such as in the full Heuslers. Generally, the electronic states within the few 𝑘𝐵𝑇 around the 
Fermi energy associate in the thermoelectric transport. Therefore, band convergence can be used to 
have a greater number of closely-spaced electronic bands around the Fermi energy, (i.e., increasing 
the 𝑁𝑉) via tuning of the periodical band structure [86, 173]. 
2.3.4 Resonance level 
Local distortion of the density of states (DOS) via formation of resonant states near the Fermi level 
is regarded as an efficient strategy to improve the Seebeck coefficient [36, 88, 89, 191]. Mahan and 
Sofo [78] derived a mathematical function for the thermoelectric figure of merit, based on the 
transport distribution. A delta-shaped transport distribution was mentioned to maximize the 
thermoelectric properties. The results designated that a narrow energy distribution of the electrons 
contributing to the transport process is required to achieve maximum thermoelectric efficiency. One 
of the possible realizations of this idea was discussed, based on a situation in which the conduction 
or valence band of the host semiconductor resonates with one energy level of a localized atom [78]. 
Heremans et al.  [35]  explored improving the Seebeck coefficient via a distortion of the electronic 
density of states and reported successful implementation using the thallium (Tl) impurity levels in 
lead telluride (PbTe). Such band structure engineering resulted in a doubling of zT in p-type PbTe 
to above 1.5 at a temperature of 773 K. This local improvement in DOS within a small energy range 
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can be realized when the dopant energy level resonates with the valence or conduction band of the 
host semiconductor compounds. A fundamental relationship between this local increase in DOS 

































     (20), 
where kB is the Boltzmann constant, e is the electronic charge, σሺEሻ is the energy-dependent 
electrical conductivity, EF is the Fermi energy, nሺEሻ is the energy-dependent carrier concentration, 
and µሺEሻ is the energy-dependent mobility.  
The idea of the resonance level (i.e., the virtual bound state) has been considered in condensed 
matter physics and evaluated in various studies [86, 97, 104, 170]. To adequately achieve the 
benefits of this scenario, the resonance levels need to be appropriately located near the Fermi level 
to significantly enhance the Seebeck coefficient at a constant carrier concentration [170]. 
Consequently, tuning of the carrier concentration is required to locate the  Fermi level around the 
resonance level [170]. As represented by Equation 21, the Seebeck coefficients can be increased by 
two mechanisms: either an increased energy-dependence of nሺEሻ, a strong energy dependence in 
the electronic density of states, or an increased energy dependence of µሺEሻ; for instance, by a 
scattering mechanism that strongly depends on the charge-carrier’s energy [36, 86, 97]. In other 
words, the resonant levels can enhance the Seebeck coefficient based on two mechanisms, including 
carriers in extended states, such as the plane-wave-like wave function formed by dopant impurities 
to carry electricity and heat, and thus contribute to the Seebeck coefficient in a nearly temperature-
independent way; furthermore, resonant scattering provides an electron energy filtering effect, and 
increases the Seebeck coefficient specifically at low temperatures, where the electron-phonon 
interactions are weaker [157]. The resonance level strategy can be achievable through the doping 
mechanism, in which the energy band of the isolated dopant impurity locates above the conduction 
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band edge of the host or below the valence band edge. The smaller width of the resonant level would 
result in larger distortion in the electronic density of states, leading to larger improvement in the 
Seebeck coefficient [86]. Figure 22 displays the calculated DOS (Figure 22a) for pristine SnTe, Mn-
doped, In-doped, Mn-In co-doped compounds, and the schematic band structure, based on the 
resonant level (RL) and band convergence (Figure 22b). As illustrated in this Figure, for In-doping 
(InxSn1-xTe) an obvious DOS peak is located about 0.2 eV lower than the edge of the band gap, 
indicating a very local resonant level resulting from the In-Te antibonding state. The DOS near the 
top of the valence band for the Mn-doped compound (Sn1-xMnxTe) is significantly higher than for 
the pristine SnTe, which resulted based on the band convergence of the light and heavy valence 
bands.  The Mn-In co-doped compounds show the DOS peak created by In-doping after 
incorporating Mn atoms in the lattice. Based on the calculations, the increased DOS near the top of 
the valence band is still higher than that of In-doped SnTe, which confirms the presence of the 
resonant state in Mn, In co-doped SnTe compounds. Both the resonant level of In-doping and band 
convergence of Mn-doping were reported to be effective in improving the S and S2σ for pristine 













Figure 22: a) Calculated DOS for pristine SnTe and its In-doped, Mn-doped and In, Mn co-doped 
compounds with spin-orbit coupling. The top of the light valence band is at 0 eV, b) Schematic band 
structure for pristine and In-Mn co-doped compounds to show the presence of resonant levels and 
band convergence [173]. 
 
Chen et al. [85]  reported  n-type PbSe thermoelectric compounds with a figure of merit (zT) of 1.3 
(300% higher than pristine PbSe) at a temperature of 850 K through the introduction of aluminium 
(Al) into lead selenide (PbSe). This zT was achieved by a combination of a high Seebeck coefficient 
resulting from the resonant states in the conduction band caused by the Al dopant (i.e., an increase 
of the local DOS near the Fermi level), and low thermal conductivity due to the presence of the 
nanosized phonon scattering centres, such as numerous distinctive microstructures, Pb depleted 
discs, small grains, and 10 nm sub-grains [85]. It is noteworthy that the resonant state, as a distortion 
of the DOS, may largely decrease σ owing to the reduction in carrier mobility (µ) at high doping 
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[173]. Resonant levels, in contrast, do not necessarily involve d-levels, but can arise from s and p-
levels, especially in semiconductors [36].  
Moreover, because of the Fermi level pinning, not all resonant impurities are favourable to 
thermoelectric power improvement [192]. This can be explained based on the position of such levels 
inside the conduction band. For example, if the resonant levels locate very deep inside the band, 
then the required carrier concentration may not be achieved to place the Fermi level at the modified 
density [192]. Furthermore, to implement the performance of the resonance levels in thermoelectric 
compounds, the resonance levels must contribute to the charge conduction and should not trap the 
charge carriers; also, the background density of states should be negligible [192].  
2.3.5 Dopant stability 
Thermoelectric compounds are usually made based on heavy doping with impurity atoms to provide 
the required carrier concentration for good thermoelectric performance [50]. Generally, any 
substitution via introduction/substitution of different atom sizes and masses tends to induce strain-
stress impact or mass fluctuations in the crystal lattice [148].  In this field, elastic stiffness constants, 
as the important characteristics, are used to evaluate the elastic properties of the compounds. The 
number of independent elastic constants is usually reduced if the systems have symmetry elements. 
Mouhat et al.  [193] explained the generic elastic stability conditions for crystals (Table 1).  The 
generalized tensorial form of Hook’s law for the strain-stress relationship in a crystal can be 
expressed as:  
σi = Cijεj                  (21). 
For instance, in the case of cubic crystals, the conditions of stability reduce to a very simple form: 
C11 − C12 > 0, C11 + 2C12 > 0, C44 > 0    (22). 
The above equations for the cubic crystal system are well known [193-196]. However, there are 
many other promising thermoelectric compounds with crystal structures different from the cubic 
crystal structure [45, 197-199].    
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)      (23). 
Here E is the energy of the crystal, V0 its equilibrium volume, and ε denotes a strain [193]. 
 
Table 1:  Elastic stability conditions for crystals. The elastic matrix (also called the stiffness matrix) 
has size 6 × 6 and is symmetrical. It is composed of 21 independent components [193]. 
 
Crystal structure and matrix components Born stability criteria 
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 𝐶11 + 2𝐶12 > 0, 
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2 > 0 
𝐶44 > 0, 𝐶55 > 0,𝐶66 > 0 
 
In addition, these elastic parameters are linked with other mechanical features through empirical 

















           (27), 
where 𝐸 and 𝐵 are Young’s and Bulk’s moduli respectively, 𝜗 stands for Poisson’s ratio, and A 
shows the anisotropy ratio. Based on the Poisson’s ratio, the stability condition of the material 
against the shear presents the ratio of transverse strain to the longitudinal strain and provides 
information about the nature of bonding forces among the constituent atoms in a compound. A low 
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value of the Poisson’s ratio shows a large compression of volume and a higher value indicates 
plasticity [200, 201]. The solubility limit, optimizing the chemical potential, [158] chemical 
instability in air at high temperatures, elemental toxicity [120], electronic structure, and physical 
properties, [153] should be considered in developing the thermoelectrics. In the magnetic doping 
scenario, strong hybridization between transition metal d-states and the anion p-state is an important 
parameter contributing to ferromagnetism stabilization [110].   
Electronegativity difference (∆𝜒) is a scale to evaluate the covalency of the bonding in a material 
[202]. For  example, large 〈∆𝜒〉 shows ionic bonding, which results in the carrier’s scattering by 
polar optical phonons and a reduction of the carrier mobility [202]. Slack [203] pointed out that 
materials with a small electronegativity difference between their constituent atoms show high 
mobility values. 〈∆𝜒〉≤0.5 has been proposed as an initial screening value in the search for good 
thermoelectric compounds (e.g., 〈∆𝜒〉𝐵𝑖2𝑇𝑒3=0.3) [202, 203]. Skutterudites (e.g., 〈∆𝜒〉=0.11 for 
CoSb3) were first identified based on this screening process. Also, this is one of the reasons for the 
poor performance of oxides as thermoelectric materials (e.g., 〈∆𝜒〉ZnO=1.79 and 〈∆𝜒〉𝑆𝑟𝑇𝑖𝑂3=2.2) 
[202]. This effect should be considered in the doping process.  In a work [166],  K+ and Na+ dopant 
substitution instead of  Pb2+ in the PbTe and PbSe systems were evaluated, in which both K and Na 
have lower Pauling  electronegativities than Pb. The solubilities of K and Na were reported based 
on the electronegativity difference of the average anion (Te2- or Se2-) and cation (Pb2+ together with 
K+or Na+) after doping.  In general, a larger electronegativity difference provides higher solubility. 
Because K has a lower electronegativity (0.82) in comparison with Na (0.93), the average cation 
electronegativity after doping was determined as being lower for the K-doped samples. In the case 
of PbTe, a lower average cation electronegativity decreased the electronegativity difference, 
depending on the difference for Te2- and Pb2+ without doping: therefore, K showed less solubility 
than Na in PbTe. Unlike for PbSe, a lower average cation electronegativity widened the  
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electronegativity difference, depending on Se2- and Pb2+ without doping; therefore, K provided a 
higher solubility than Na in PbSe [166].  
Thermodynamic stability of the structures can be evaluated based on the calculation of the enthalpy 
of formation (∆𝐻𝑓), as expressed in Equation 28 [110, 195]: 
∆𝐻𝑓 = 𝐸𝑡𝑜𝑡𝑎𝑙ሺ𝐴𝑛𝐵𝑚𝐶𝑙ሻ − 𝑛𝐸𝐴 −𝑚𝐸𝐵 − 𝑙𝐸𝐶                    (28), 
in which, 𝐸𝑡𝑜𝑡𝑎𝑙ሺ𝐴𝑛𝐵𝑚𝐶𝑙ሻ represents the total ground state energies of the compounds and 𝑛𝐸𝐴  
𝑚𝐸𝐵  and 𝑙𝐸𝐶 are energies per unit cell of the individual constituents in their bulk forms at the 
ground state, and 𝑙, 𝑚, and 𝑛 represent the number of 𝐴, 𝐵, and 𝐶 atoms per unit cell, respectively. 
The negative ∆𝐻𝑓 confirms that the investigated structures are stable [110, 195].   
In this regard, cohesive energy (𝐸𝐶𝑜ℎ), as an important thermodynamical physical aspect, defines 
the capability of the material/compounds and determines the required energy to break the 
intermolecular physical links within the lattice structure. Cohesive energy per atom of a crystal 









                                          (29). 
This energy is mainly applied to dissociate a solid into its constituent atoms or into basic structure 
blocks. It estimates the nature and strength of forces that hold the atoms together in a solid. 
2.4 Lattice thermal conductivity (𝜿𝒍)-Phonon scattering mechanisms 
In quantum mechanics, phonons are defined as a unit of vibrational energy arising from the atomic 
oscillation within a crystal lattice in a single frequency and transferring the thermal energy. There 
are two types of phonons to carry thermal energy within solids, including acoustic phonons as the 
coherent displacement of atoms in the direction of propagation (e.g., a sound wave in air), and 
optical phonon with an incoherent motion of the two neighbouring atoms in the opposite direction.  
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Figure 23  illustrates the schematic of the optical and acoustic components of phonon energy for 
two atoms [205].  
 
 Figure 23: Acoustic and optical branches for phonon radiation (reused from ref.[45]). 
 
As depicted in Figure 23, the group velocity (the speed of energy propagation) of the acoustic 
branches of phonon radiation, 𝑉𝑔 =
𝑑𝜔
𝑑𝑞⁄ , is more than zero (𝑉𝑔 > 0). The optical branches, 
however, have a group velocity equal to zero (𝑉𝑔 ≈ 0) as 𝑞 (the wave vector, which is a vector point 
in the direction of propagation of the phonon energy wave) tends to zero. 
Also, in a solid, if 𝐴 represents the number of atoms in a unit cell, the number of phonon branches 
will be 3𝐴, from which three branches are acoustic and the remaining (3A-3) are optical [206]. In 
addition, Table 2 represents the classification of acoustic and optical branches as longitudinal and 
transverse with their respective counts [206]. 
 
 Table 2: Classification of phonon radiation energies for acoustic and optical branches [45]. 
Phonon type Longitudinal Transverse 
Acoustic 1 2 
Optical A-1 2(A-1) 
 
CHAPTER TWO: LITERATURE REVIEW 
64 
 
Both the acoustic and optical components of phonon energy can propagate both transversally and 
longitudinally within the crystalline solids, as schematically illustrated in Figure 24. The transverse 
acoustic (TA) (Figure 24a) branches have low frequency and are characteristic of low temperatures; 
while the longitudinal acoustic (LA) (Figure 24b) types are dominant at high temperatures and have 
high frequencies.   
 
 Figure 24: a) Tranverse Wave, b) Longitudinal Wave [45]. 
 
It is noteworthy that having a higher number of atoms (𝐴) in a unit cell can be a recipe  for obtaining 
lower thermal conductivity in the TE compounds, because the number of optical components of the 
phonon energy will increase. Also, absorbed energy can be transferred partially by the acoustic 
branches. Therefore, the remaining energy is attributed to the optical branches, which have a 
negligible contribution in heat transfer with zero propagation speed. Moreover, due to the limited 
phonon frequency (~10 THz), by increasing the optical branches, the acoustic phonon frequency 
declines, because the acoustic branches transfer only a partial amount of energy in the crystal. This 
fact influences the lattice thermal conductivity at a higher temperature in which the high-frequency 
phonons are the majority of heat carriers [206].  
Therefore, to control the thermal conductivity, the phonon transition needs to be obstructed [207, 
208] with appropriate strategies. The schematic diagram in Figure 25 illustrates the appropriate 
phonon scattering strategies against the temperature range.  
a 
b 




 Figure 25: Phonon scattering mechanisms against the temperature ranges [45]. 
The results reported by [209, 210] showed that by employing the scattering mechanisms, the 𝑧𝑇 
increases as the thermal conductivity decreases. However, precaution must be taken in decoupling 
the electrical and thermal conductivities. This means the introduction of the scattering barriers for 
phonon transfer may decrease the electrical conductivities.  In this case, high values of 𝜎/𝜅 and 
𝑛/𝜅𝑙 (𝑛: concentration of charged carriers) ratios can be regarded as a measure to promote 
decoupling between thermal and electrical conductivities, and arriving at high 𝑧𝑇 values [211, 212].  
2.5 Electronic thermal conductivity (𝜿𝒆) 
Reducing the vibrational component of total thermal conductivity (𝜅𝑡) – lattice thermal conductivity 
(𝜅𝑙) – has chiefly been considered in developing optimized thermoelectric products [45]. Besides 
attempting to reduce 𝜅𝑙, the electronic thermal conductivity (𝜅𝑒) linked to the electrical conductivity 
also needs to be controlled and decreased [213-216]. In this regard, comprehending the impact of 
physical and chemical bonds on lattice dynamics and phonon transport can often evolve the highly 
efficient TEs by controlling the total thermal conductivity (𝜅𝑡 = 𝜅𝑙 + 𝜅𝑒) [217-219].  Observing a 
great interest in disconnecting the 𝜅𝑙 from 𝜅𝑒, accurate calculation of the Lorenz number (𝐿) is a 
principle step to indicating the precise contribution of electrical conductivity (σ) to 𝜅𝑡 via the 
Wiedemann-Franz relationship (𝜅𝑒 =  𝐿𝜎𝑇, 𝑇: absolute temperature) [213, 220, 221].  Selection of 
advanced materials with low Lorenz numbers will reveal the TE compounds with (1) low 𝜅𝑒 to 
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avoid violating the energy conversion factor (figure of merit-𝑧𝑇 =
𝑆2𝜎
κ𝑙+κ𝑒
𝑇), (2) high electrical 
conductivity (𝜎 = 𝑛𝑒𝜇, 𝑛: carrier concentration, 𝜇: carrier mobility, 𝑒: electron elementary charge), 
and (3) high power factor (𝑃𝐹 = 𝑆2𝜎, 𝑆: Seebeck coefficient)  [213, 216]. By approximating the 𝜅𝑙  
equal to zero, 𝑧𝑇𝑚𝑎𝑥 inversely relates to 𝑆
2/𝐿, which highlights the Lorenz number contribution to 
optimizing the TE products [213, 222, 223]. In addition, an imprecise Lorenz number may not 
accurately evaluate TE materials to see whether they are approaching their amorphous margin of 
𝜅𝑙, or still require a greater reduction in thermal conductivity [216].  In this regard, the Wiedemann-
Franz law can calculate 𝜅𝑒  for metals containing electrons as the main heat carriers, based on the 
reported Lorenz number – 2.45×10-8 WΩK-2 – (the classic free electron model) [224]. In research 
[78] by Mahan and Sofo, the thermoelectric factors and Lorenz number were extracted from the 
transport function. Later, Mahan and Bartkowiak [225] stated that the Wiedemann-Franz  law based 
on the classic free electron model (L=2.45×10-8 WΩK-2) is not a law of physics, but is roughly true 
as a "rule of thumb".  For example, a non-degenerate Lorenz number of a single parabolic band 
(SPB) is defined to be about 1.5 to 3.0×10-8 WΩK-2 , depending on the main scattering sources, such 
as ionized impurity, acoustic phonon, etc. [216, 226]. Therefore, this law within the defined Lorenz 
number of 2.45×10-8 WΩK-2 cannot identify the relative contributions of 𝜅𝑒  and 𝜅𝑙  to 𝜅𝑡 precisely 
for all compounds; specifically, for those with complex scattering mechanisms or non-parabolicity 
bands, such as PbTe, SnS and SnSe [216, 227-230]. McKinney et al. [213] investigated the yield of 
a reduced Lorenz number via energy filtering and its subsequent associated impacts on 𝑧𝑇. They 
reported that the 𝑧𝑇 of well-known thermoelectric compounds can be enhanced by lowering the 
Lorenz number due to the multi-band intervalley scattering. Several works [213, 220, 224, 231, 
232] have studied the Lorenz number calculation through decoupling the lattice and electronic 
thermal conductivities. In this field, a transverse magnetic field with either high (𝜇𝐵 >> 1) [224] 
or intermediate (𝜇𝐵 ≈ 1) [233-236] magnetic fields can be used to calculate the Lorenz numbers. 
Lukas et.al [220] applied a magnetothermal resistance (MTR) method developed by Goldsmid [234-
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236] to extract the Lorenz number at low to intermediate magnetic fields.   In this technique, the 
electrical and total thermal conductivities were measured under a constant temperature but varying 
transverse magnetic fields to follow the relationship of 𝜅ሺ𝐵ሻ𝑡𝑜𝑡𝑎𝑙 = 𝐿𝑇𝜎ሺ𝐵ሻ + 𝜅𝑙.  
2.6 Transition metal chalcogenides 
Metal chalcogenide (MC) compounds have achieved significant attention with the development of 
one-dimensional (e.g., nanorods, nanostrings, nanotubes), two-dimensional (e.g., nanosheets, 
nanoplates), and three-dimensional (e.g., nanocubes, nanostars) structures [237, 238]. Chalcogens 
are the chemical elements of group 16 in the periodic table, including oxygen (O), sulfur (S), 
selenium (Se), tellurium (Te), and polonium (Po). A transition metal chalcogenide (TMC) is a 
chemical compound consisting of at least one chalcogen anion (group 16) and one electropositive 
transition metal element (elements from group 3 to group 12). However, the chalcogenide term is 
more generally applied to sulfides, selenides, and tellurides than the oxides and polonium 
compounds. This statement can be attributed to extremely strong non-metallic characteristics of 
oxygen and high metallic features of the polonium element. There is a range of transition metal 
chalcogenides with numerous structures and compositions, for example 𝐶𝑢2𝑆, 𝐶𝑢𝑆𝑒, 𝑀𝑛𝑆𝑒2, 
𝐶𝑜𝑆𝑒2,𝐹𝑒3𝑆4, 𝑆𝑐𝑆2, 𝑇𝑖𝑆2, 𝑇𝑖𝑆𝑒2, 𝐶𝑟𝑆2, 𝐹𝑒𝑆2, 𝐹𝑒𝑆𝑒2, 𝐶𝑑𝑇𝑒, 𝐻𝑔𝑆, etc. These compounds combine 
the non-metallic characteristics of chalcogens and the unfilled d-orbitals of transition metals. 
Moreover, the transition metal chalcogenides can be classified based on either the chalcogen 
elements, such as sulfides, selenides, tellurides, and multi-chalcogen based, or the number of 
elements, including binary, ternary, quaternary, etc. Even though most of the main group metal 
chalcogenides own stoichiometric compounds, transition metal chalcogenides can easily form off-
stoichiometric compounds because of their unfilled d-orbitals. In this regard, non-stoichiometric 
binary TMCs can be divided into chalcogen rich phases, for example 𝑇𝑖𝑆2, 𝑇𝑎𝑆2, and metal rich 
phases, such as  𝑇𝑎6𝑆, 𝑇𝑎2𝑆. Furthermore, the transition, structural features and types of TMCs are 
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dependent on size of atoms, valence electron concentrations,  metal-chalcogen bonding, chalcogen-
chalcogen, and metal-metal bondings [239, 240]. 
2.7 Heusler compounds 
Heusler compounds are divided into full- and half-Heusler types, based on ternary intermetallic 
materials [70, 241-245] with a stoichiometric composition of 𝑋2𝑌𝑍 and 𝑋𝑌𝑍, respectively [14, 246]. 
The full-Heusler alloys (FH) have an 𝐿21 cubic crystal structure with fcc lattice unit cells,  
containing four atoms as 𝑋 at (1/4,1/4,1/4) and (3/4,3/4,3/4), 𝑌 at (1/2,1/2,1/2), and 𝑍 at 
(0,0,0) in Wyckoff coordinates, with a corresponding space group of 𝐹𝑚 − 3𝑚 (No. 225) [14, 246].  
Also, the half-Heusler alloys have a 𝐶1𝑏 cubic crystal structure with the absence of one of the 𝑋 
sub-lattices, and the corresponding space group of 𝐹 − 43𝑚 (No. 216) [14, 246]. 
In the above-mentioned compositions, generally, 𝑋 is filled with a high valence transition element, 
𝑌 is substituted with a lower valence transition metal atom, and, finally, 𝑍 is an element in the III–
V columns of the periodic table with 𝑠 − 𝑝 type valence electrons [14, 246]. 
Figure 26 demonstrates the atomic arrangements for the full-Heusler, half-Heusler, and their 
corresponding elements in the periodic table.  




Figure 26: (a) full-Heusler crystal structures, (b) half-Heusler, and (c) specific elements in the 
Heusler alloys [45]. 
In the half-Heusler compounds, the distance of the elements in the 𝑌 locations is more than the full 
Heusler alloys (𝑋2𝑌𝑍), causing less overlap of the d-like wave functions and, consequently, 
enlarging the band gaps in the density of states (DOS). This feature of the half-Heusler alloys 
provides them with a wide range of electronic and magnetic properties [247]. Moreover, these 
compounds can be tuned to obtain the desired electrical, thermal, and mechanical characteristics via 
composition/structural modification [248, 249].  In this regard, element doping with different 
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orbitals can be employed for engineering the electronic structural and improving 𝑧𝑇 – modifying 
the Seebeck coefficient and electrical conductivity [14, 207]. Unlike traditional experimental efforts 
for discovering new TE materials, density functional theory (DFT) as the basis of ab initio 
calculations [250], enables researchers to analyse and model the TE characteristics of half-Heusler 
alloys [251-254].  In spite of the strong motivation in theoretical investigation of half-Heusler TEs, 
accurate calculation of their TE characteristics has been challenging due to their complicated crystal 
structure and elemental properties. The main issue is to what extent the calculated wave functions 
based on the element locations in the 𝑋𝑌𝑍 crystal structure (e.g., the MgAgAs ordered arrangement) 
coincides with real synthesized half-Heusler samples.  
2.8 Graphene products and applications 
For the first time, standing graphene was discovered by Andre Geim and Konstantin Novoselov in 
2004 [255], who were consequently awarded a Nobel prize for this work in 2011 [256]. Graphene 
owns a hexagonal structure (Figure 27) with an 𝑠𝑝2 covalent bond among the atoms in the network 
and a Van der Waals bond between the layers. It has two main types (Figure 27b), based on their 
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Figure 27: Structure and morphology of graphene. a) Corrugated graphene, b) Zigzag edge GNR 
and armchair edge GNR, [257] c) Left panel: grains emanated from a few points, Right 
panel: diffraction pattern taken from a region in the left image. The diffraction pattern reveals that 
this area is polycrystalline, d) Atomic-resolution ADF-STEM images of graphene crystals, e) 
Dislocation pair in graphene, f) Four defect types in graphene: an adatom, unrelaxed vacancies 
(𝑉1 and 𝑉2 ) and a 5-8-5 rearrangement. Reused from ref. [258] with permission. 
 
Graphene with a single atomic layer of 𝑠𝑝2 hybridized carbon atoms has several remarkable 
characteristics, such as thermoelectricity [208, 259-262], high Young’s modulus (~1TPa) [263], 
tensile strength (~125 GPa) [263], high thermal conductivity (~2,000 W/mK) [264], high electron 
mobility (~200,000 cm2/Vs) [264], high electrical conductivity (~6000 S/m)  [265], and high 
specific surface area (2640 m2/g) [266]. To date, graphene-based nanomaterials have  demonstrated 
diverse applications such as in the electronic [267-270], biomedical [271-273], coating [274-276], 
and food industries [277-280]. Zhong et.al [258]  summarized the percentage of graphene-based 
published research articles in numerous fields, as shown in Figure 28:  
 
Figure 28: Classification of the published articles regarding graphene applications [257]. 
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Encouraged by such interesting findings, graphene compounds (i.e., few layer graphene (FLG), 
reduced graphene oxide (RGO), etc.) were also tested to modify the efficiencies of thermoelectric 
compounds through microstructural manipulation [211, 281-284]; however, the outcomes were 
more complex due to the fact that the multilayer graphene (i.e. stacked single graphene layers) may 
not possess the same effect as the 2D defect-free single layer graphene [285-287].   
The impact of graphene inclusion on the TE factors is summarized in Figure 29 through the critical 
analysis of several studies. In this figure, the Seebeck coefficients (𝑆), electrical conductivity (𝜎), 
thermal conductivity ሺ𝜅𝑡 = 𝜅𝑙 + 𝜅𝑒), and their contribution in the unit-less parameter of the figure 
of merit (𝑧𝑇 =
𝑆2𝜎
𝜅
𝑇) for pristine TE compounds and their graphene-reinforced compositions are 
presented.   
 





Figure 29: TE characteristics of the pristine and graphene-reinforced nanocomposites, a) Seebeck 
coefficients, b) electrical conductivities, c) lattice thermal conductivity (E and H which show total 
thermal conductivity) and d) dimensionless figure-of-merit (zT)- A) Bi0.85Sb0.15-0.5wt.%G [211], 
B) Nb-doped SrTiO3-RGO [288], C) Zn0.98Al0.02O-1.5wt.%RGO [289], D) p-Phenediamino-
modified graphene (PDG) [290], E) CoSb3/G[291], F) LaCoO3-0.01 wt.% G [292], G) MnTe- 
GNPs [41], H) CuInTe2/G (80:1) mass ratio [212], I) SnSe-3.2 wt% MoS2/G [281]. 
As shown in Figure 29, graphene compounds have shown various impacts on thermoelectric 
compounds. In the following sections, the scientific and engineering aspects of the graphene effects 
on electrical and thermal transport and the mechanical properties of thermoelectric compounds are 
discussed. 
2.8.1 Graphene impact on the thermoelectric properties 
2.8.1.1 Seebeck coefficient 
As aforementioned, the Seebeck coefficient of a degenerate semiconductor and the carrier mobility 




























              (30), 
𝜇ሺ𝐸ሻ  =  𝑞𝜏ሺ𝐸ሻ/𝑚𝑑
∗                                                                              (31),       
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where 𝐸 is the energy, 𝑛 ሺ𝐸ሻ stands for the energy-dependent carrier density and 𝑚𝑑
∗   is the effective 
mass of the charge carrier, while 𝑛, 𝜇, 𝑞, 𝐾𝐵, 𝐸𝑓, and 𝜏 are the carrier concertation, carrier mobility, 
carrier charge, Boltzmann constant, Fermi energy, and charge carrier relaxation time, respectively. 
Assuming a parabolic energy band and the dependency of the relaxation time (𝜏) on the energy and 
scattering factor (𝜆) via  (𝜏 = 𝜏0𝐸
𝜆−
1
2) (𝜏0 is an energy-independent constant) [293, 294], Equation 















                 (32), 
 
where 𝑁ሺ𝐸ሻ is the electronic density of the states. Based on Equation 7, the Seebeck coefficient 
depends directly on the scattering factor (𝜆) and is inversely affected by the charge carriers’ 
concentration if the other parameters remain unchanged. It is well established that graphene 
reinforcement and its segregation at the grain boundaries (GBs) can lead to a grain size reduction 
in nanocomposites when compared with a pristine matrix, by preventing welding or grain growth 
during milling and sintering, respectively [41, 212, 283]. The electrical characteristics of a sample 
with single crystal and polycrystalline may differ due to the effect of the grain/crystal boundaries 
[295]. However, the impact of the grain-boundaries on the scattering of carriers is significant in 
cases where the mean free length (𝑙) of carriers is larger than or comparable to the crystal/grain size 
(𝑑) [295]. The intrinsic tendency for carrier localization is created by the presence of energetic 
disorder, caused by the structural inhomogeneity and chemical impurities at the grain boundaries 
[296-298]. This atomic disorder at the grain/crystal boundaries may provide an electrical-charge 
potential barrier (scattering regions) or traps [295-299]. The reason for this phenomenon is that the 
atoms near GBs are usually distributed irregularly, so the electronic couplings between atoms in 
different grains may change and thus prevent/disrupt the charge-carriers’ transport from one grain 
to the other [300]. This process can create the traps, which may also be classified as valleys (i.e., 
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states of lower energy) or barriers (i.e. higher energy states), by considering their energetic position 
with respect to the transport level [299, 301, 302]. 
As shown in Figure 30, four scenarios may occur at the grain boundaries when considering the 
disturbed carrier concentration in these areas. If the structural inhomogeneity of the lattice at the 
grain boundaries creates electron donors near the VBM, hole traps are made (Figure 30a). 
Conversely, electron acceptors near the VBM act as dopants, making a barrier for holes  [303, 304] 
(Figure 30b). Similar behaviours apply to CBM [304, 305]. The electron acceptors make a trap for 
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Figure 30: Schematic diagrams of a) hole trap, b) hole barrier, c) electron trap, and d) electron 
barrier [306].  
There are further effects from the inclusion of graphene due to the formation of various lattice 
defects such as vacancies, antisites, etc., some of which can introduce extra charge carriers or 
compensate for some of the donors or acceptors in the lattice [307-311]. However, in the case of 
graphene segregation, there are some other questions that need to be clarified, such as how the 
newly-created graphene-matrix interfaces can affect electrical transport.  The effect of graphene 
segregation at the grain interfaces can be evaluated based on the possible band alignment, depending 
on the work functions of the graphene and the main matrix. As illustrated in Figure 31, the type of 
contact (Schottky or Ohmic) at the graphene-matrix interfaces depends on the type of the majority 
carriers in the matrices, electrons or holes. As shown in Figure 31, Schottky barriers occur at the 
graphene-matrix interfaces for both n and p-type semiconductors when the graphene work function 
ሺ𝛷𝐺ሻ is larger and smaller than the semiconductor work function ሺ𝛷𝑆ሻ, respectively (Figure 31 a, 
b). In this case, there is an interface potential barrier (𝐸𝑏), which preferentially scatters the low 
energy carriers more than the others, resulting in carriers energy filtering. In contrast, for the case 
of ohmic contact, there is no potential barrier, and all the carriers can pass through the interface 
(Figure 31 c, d), although they can still experience scattering due to potential energy variations at 




a Schottky contact 















Figure 31: Schematic diagrams of various types of contacts and band alignments at the graphene-











Therefore, these extra boundaries due to smaller grain sizes – caused by graphene segregation and 
grain growth blocking – and graphene-matrix interfaces may provide an energy filtering effect for 
the charge carriers (electrons or holes). The consequence of energy filtering is strong scattering of 
low energy carriers, leading to a reduction in electrical conductivity and simultaneously increasing 
the Seebeck coefficients [43, 312-314].  
2.8.1.2 Electrical conductivity 
The addition of graphene to the TE materials can result in either an increase or a decrease in the 
electrical conductivity overall (Figure 29b). This is due to the graphene manipulating the carrier 
concentration (𝑛) or the mobility (𝜇), according to the Mott equation 𝜎 =  𝑒𝑛𝜇 [211, 212, 283, 284, 
307]. The higher or lower carrier concentration depends on how the graphene affects the crystal 
imperfections and interacts with the charge donating centres in the material [284, 307, 315]. The 
graphene-embedded compounds may introduce a larger carrier concentration, but the resultant 
nanostructuring (i.e., grain growth prevention) provides more grain boundary barriers and thus 
further charges carrier scattering, leading to a decrease in carrier mobility [211, 212]. Therefore, 
one must consider both the carrier mobility of the matrix (𝜇𝑚) and the associate carrier mobility to 









          (33). 
There are various models and approximations for interface mobility. One approximation is given 
by [307, 316]:  








)       (34), 
 
where 𝐿𝑞 is the mean path between two adjacent potential barriers, 𝐸𝑏 shows the height of the 
potentials (energy) at the interfaces (Figure 31a,b), 𝑘𝐵 is the Boltzmann constant, 𝑚
∗is the effective 
mass of the charge carriers, and 𝑇 is the absolute temperature.  
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2.8.1.3 Lattice thermal conductivity 
Figure 29c shows that the graphene addition in all the listed materials reduces the lattice thermal 
conductivity. The main mechanism is expected to be the phonon scattering against the grain 
boundaries [212], which happens effectively at the low to medium temperature range [45]. Based 
on Matthiessen’s rule [45, 317], the total relaxation time of phonons 𝜏𝑐 (Equation 10) is related to 
various relaxation times, including 𝜏𝑈 (umklapp), 𝜏𝑁 (normal),  𝜏𝑒−𝑝ℎ (Electron phonon), 𝜏𝑝𝑑 (point 
defect),  𝜏𝑖−𝑝ℎ (impurity-phonon), 𝜏Ref (regular reflection and refraction), 𝜏𝐷𝑖𝑓𝑓 (diffusive scattering 



























            (35), 
 
in which 𝜏Ref, 𝜏𝐷𝑖𝑓𝑓 , and 𝜏𝑅𝑎𝑦 depend on the grain boundary scattering, as described in Table 3.  
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𝜃𝑗  Debye temperature 
𝜂 
A parameter that characterizes 
the degree of the corrugation 
of the GB (typically 1< <10) 
ℏ 
(ћ=h/2π), h is the Plank's  
constant 
𝜔 Phonon frequency 
𝛯 
A constant dependent on the 
details of the grain boundary 
characteristics 
𝑇 Absolute temperature 
 
 
It is noteworthy that the graphene compounds can contribute to the electronic thermal conductivity 
(𝜅𝑡 = 𝜅𝑙 + 𝜅𝑒), based on the Wiedemann-Franz law (𝜅𝑒 = 𝐿𝜎𝑇, 𝐿: Lorentz number), the 
relationship that maps the electrical conductivity to the electronic thermal conductivity (𝜅𝑒) [225]. 
In cases where the electrical conductivity increases significantly, there may be a trade-off between 
the increase in the electronic and reduction in the lattice thermal conductivities to determine the 
effect of graphene on the total thermal conductivity [213].  
Li et al. [318] obtained a significant reduction in thermal conductivity (from ~0.8W/mK to 
~0.4W/mK at a temperature of 873K) by adding 0.15 wt.% graphene in the Cu2Se matrix. The 
reduction of the lattice thermal conductivity was associated with a frequency mismatch in the 
phonon density of states in between the carbon honeycomb phases and the cubic Cu2Se. Another 
study [319] reported thermal conductivity of 2.5 W/mK for the 0.25 vol. % graphene/Cu2SnSe3 
compound at room temperature, which was 12% lower than that of pristine Cu2SnSe3. In this study, 
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the extra barriers created by the graphene addition were mentioned as the reason for the phonon 
scattering and the reduction of the thermal conductivity of the nanocomposites.    
2.9 Mechanical stability of thermoelectrics  
A thermal gradient is a mandatory requirement for the efficient performance of thermoelectric 
generators. In this regard, thermomechanical stability is an essential factor, which enables the 
thermoelectric generators to resist under the thermomechanical shocks created by the thermal 
gradient. Strengthening the thermoelectric generators against the mechanical stresses highlights the 
importance of reinforcement for the thermoelectric legs [320].   
There are several mechanisms used to improve the mechanical characteristics of metallic alloys, for 
example precipitation hardening, solid solution, work hardening, grain refining, and dispersion 
strengthening [321].  
In the field of strengthening the alloys, Table 4 presents the resultant changes in mechanical 
characteristics due to mixing with graphene products.    
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By considering the application of graphene nanofillers (GNFs) to strengthen the thermoelectric 
products, four mechanisms, including grain refining, load transferring, local dislocation, and 
Orowan, and Griffith [322, 324-326, 329, 333, 335] have been mainly studied, and are discussed in 
the subsequent sections. 
2.9.1 Grain growth prevention 
Grain refinement, through graphene decorating of the grains, has been suggested as an effective 
method to improve the mechanical characteristics of nanocomposites [325, 335]. Graphene 
reinforcement of alloy matrices – graphene precipitation in the grain/particle boundaries – inhibits 
grain growth in the sintering process. In this regard, the Hall-Petch criteria explains the 
manipulation of mechanical factors, specifically yield strength and hardness by grain size reduction, 
as follows:  
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𝜎𝑦 = 𝜎0 +
𝐾𝜎
√𝑑
          [331, 336]                               (36), 
𝐻 = 𝐻0 +
𝐾𝐻
√𝑑
          [336]                                       (37), 
where 𝜎𝑦  and  𝐻  are the yield strength and hardness when grain growth is prevented by the 




 ),  𝐻0 , and 𝜎0   are materials constants (friction stress opposing motion of dislocation).  
Furthermore, geometry mismatch may result from the presence of non-reacting graphene/matrix 
interfaces. The existence of an inharmonious geometry amongst the graphene precipitates at the 
grain boundaries, and can punch the dislocations and strengthen the nanocomposites [322]. 
In the graphene-reinforced alloys, there are several regions with stress concentration/accumulations 
in the proximity of graphene nanofillers (GNPs) due to their high specific interface areas with the 
matrices. Accordingly, this factor can obstruct the dislocation movement and lead to mechanical 
stabilities in the nanocomposite [324]. It is noteworthy that the above-mentioned phenomenon can 
be observed in the optimum reinforcing percentage of GNPs. In this regard, Figure 32 illustrates 
how the agglomerated graphene nanoplates at the alloy matrix (a CoVSn compound in this figure) 
may not be able to prevent crack growth.  
 
 
Figure 32: Graphene nanoplates (GNPs) agglomeration at the CoVSn- 1 wt.% GNPs, a) back-
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Equation 38 calculates the strengthening efficiency of reinforcement (𝑅) [335], based on the 




                    (38). 
Based on this equation, increasing the reinforcement volume above the optimum value may not 
enhance the reinforced strength, as represented in Figure 32.  
2.9.2 Load transferring 
There are three main factors that control the load transfer mechanism in the nanocomposites, 
including the reinforcement geometry, volume fraction, and bonding strength among the matrices 
and nanofillers [322, 326, 329, 333, 335]. By reinforcing a matrix with GNPs, the tight bonding 
(interlocking) due to the large interface areas of the GNPs/matrix enhances the load transferring 
between the graphene and matrices [322, 326, 329, 333, 335].  
The formation of strong bonding was reported by Bhadauria et al. [322] through TEM analysis of 
the interface. This confirmed the presence of a clean interface with good metallurgical bonding 
between the GNP reinforcement and the Al matrix – see Figure 33a. The high-resolution TEM 
image of the interface region, illustrated in Figure 33b, reveals the nature of the bonding between 
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Figure 33: TEM micrographs showing the Al-GNP interface, and (b) High resolution TEM image, 
showing graphene layers in GNP, along with its interface structure with an Al-matrix [306]. 
In this case, Equation 14 can estimate the nanocomposite strength via the volume fraction and 
interfacial areas [323, 324, 337], 






) + 𝜎𝑚𝑉𝑚             (39), 
where 𝑉𝑟   shows the reinforcement’s volume fraction; 𝐴 and 𝐶𝑆 are interfacial surfaces and cross 
sections of reinforcements, respectively; 𝜏 stands for shear stress, 𝜎𝑚 is the matrix strength and 𝑉𝑚 
is the matrix’s volume fraction.  According to this equation, at the optimum dispersed GNPs in the 
matrix, the interfacial surfaces (𝐴) increase and the reinforcement’s cross section (𝐶𝑆) decreases, 
which leads to an enhancement of the nanocomposite strength. In other words, a matrix reinforced 
by GNPs provides more effective interfaces and facilitates the load transfer from the matrices into 
GNPs via shear stress [331]. This mechanism causes the load distribution to prevent any local stress 
concentrations in the matrices and any subsequent nanocomposite failures.  
2.9.3 Difference in thermal expansion coefficients (TECs) 
Several studies [322, 326, 329, 333, 335] have discussed and analysed dislocation generation due 
to the differences in the thermal expansion coefficients (TECs), contributing to matrices and GNPs.   
In this field, Equation 40 describes the effective parameters in strength improvement, based on the 




                           (40), 
where, 𝛼 is constant, 𝐺 shows the shear modulus, 𝑏 represents the magnitude of Burger’s vector, 
𝛥𝑇 is the temperature gradient between the process and the ambient, 𝛥𝐶 states the TEC difference 
and d is the particle size.  
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As shown in this equation, the residual stress creation due to the TEC difference is directly related 
to 𝛥𝐶. Moreover, the mismatch in the TECs caused dislocations at the interfacial areas and extra 
residual stress [327]. Equation 41 estimates the change in strength based on the density of the 
dislocations. In this equation, 𝛼 is the geometric constant, 𝜇𝑚 shows the matrix shear modulus, 𝑏 
represents the Burger vector magnitude and 𝜌 is the dislocation density [327].  
∆𝜎 = 𝛼𝜇𝑚𝑏√𝜌           (41). 
As represented in this equation, well-dispersed GNPs with a high level of interface areas with the 
matrix generate residual stress.   
2.9.4 Orowan and Griffith criteria 
Orowan reinforcement [322, 326, 329, 333, 335] is another mechanism that has been evaluated for 
reinforcing the matrix using GNPs. In this process, graphene may pile up the dislocations and 
prevent them from transferring freely throughout the matrix. Consequently, the dislocations need to 
pass around the graphene nanoplates due to their high mechanical stability. This extension in the 
dislocation paths (loops) results in higher ductility for the nanocomposites. Furthermore, these loops 
can create back stresses and prevent dislocation motions [322, 337]. Equation 42 [337, 338] 













                 (42), 
in which 𝐺 states the shear modulus, 𝑏 is the Burger’s vector magnitude, 𝜗 is the  
Poisson's ratio, 𝑉𝑟 is the reinforcement volume fraction, and d is the particle grain size.  
Candidate thermoelectric materials for waste heat recovery applications, such as heavily doped 
semiconductors and ceramic oxides, are predominately brittle materials [339]. By considering this 
important feature, the performance of the GNPs in strengthening the thermoelectric compounds 
against brittle fracture can be estimated via Griffith’s fracture criterion (Equation 43). In this 
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equation, the critical stress intensity factor (𝐾𝑐 = 𝜎𝑐√𝜋𝑎0) depends on the Young’s modulus (𝐸) 
and surface energy (𝛾) (i.e.: the edge energy for 2D materials like graphene). 
𝐾𝑐 = 𝜎𝑐 = √𝜋𝑎0 = √2𝛾𝐸                            (43). 
Also 𝑎0 stands for the half crack length and 𝜎𝑐 shows the critical stress at the fracture onset  [340, 
341].  
Nevertheless, there is a crack length restriction (up to 10 nm) when using the Griffith criteria [342, 
343], but as per an adequate dispersion for GNPs, these reinforcements with a high Young’s 
modulus can improve the nanocomposite strength [344], as follows: 
𝐸𝑐 = 𝐸𝐺𝑟𝑋𝐺𝑟 + 𝐸𝑚𝑋𝑚           (44), 
where 𝐸𝑐 shows the Young’s modulus of the nanocomposites, and 𝐸𝐺𝑟, 𝐸𝑚, 𝑋𝐺𝑟 and 𝑋𝑚 are the 
Young’s modulus and volume fractions of the graphene nanoplates and matrices, respectively.  
 
Figure 34: Schematic of crack growth inhibition by a) crack deflection, b) crack bifurcation/pinning 
[306]. 
Moreover, Figure 34 demonstrates schematically the crack growth blocking or halting by GNFs. 
This process can be also interpreted based on Equation 18, in which increasing the nanocomposite 













PROJECT AIM, OBJECTIVES, AND JUSTIFICATION OF THE 
PROJECT TREND 
 
Graphene nanoplates (GNPs) owing significant electrical and mechanical features have been 
suggested as potential improvements for thermoelectric (TE) products in order to achieve adequate 
efficiency and firmness as the main body constituent for the development of thermoelectric 
generators (TEGs). They should enable the TEGs to function effectively in a harsh environment (in 
terms of temperature fluctuations) under a range of thermo-mechanical stresses. In this field, there 
are some compounds that have either been predicted or evaluated experimentally to show promising 
thermoelectric characteristics. Based on the literature review and to the best of our knowledge, there 
is no specific report in the open literature to determine the reinforcing effects of graphene nanofillers 
(e.g., GNPs) on advanced thermoelectric compounds. In other words, there is a lack of a 
comprehensive assessment in the scientific community evaluating the advantages and drawbacks 
(side effects) of GNPs as the reinforcing agent for TE compounds.   
There are only two ways to live your life. One 
is as though nothing is a miracle. The other is 
as though everything is a miracle. 
― Albert Einstein (1879 - 1955) 
 




The overall aim of this project is to study the effect of graphene reinforcement on the thermoelectric 
and mechanical characteristics of TE products. At the beginning, it was hypothesized that the grain 
growth inhibition created by the GNP precipitation could potentially manipulate the microstructure. 
Therefore, the effects of the microstructural development are evaluated in terms of reinforcing the 
thermoelectric products, alongside modifying their TE factors, including the Seebeck (𝑆), electrical 
conductivity (𝜎), and lattice thermal conductivity (𝑘𝑙). Consequently, three different thermoelectric 
compounds with various working temperatures have been nominated to cover thermoelectric 
applications from low to high temperature ranges. The nominated thermoelectric compounds are 
MnTe, CoVSn, and CuSbTe2, which provide interesting features within their thermoelectricity, such 
as their crystal structure (Chalcogenide and half-Heusler), magnetic properties (magnetic 
contributions), and environmentally-friendly properties (Lead-free compounds).  Further sections 
describe the important features of the abovementioned compositions.  
3.1 MnTe 
Along with discovering novel TE compounds and continued interest in developing efficient 
chalcogenide TE materials [35, 218, 219, 345-347], Lead-free MnTe, as an antiferromagnetic 
(AFM) transition metal semiconductor, has shown potential as an efficient TE material. MnTe has  
a Néel temperature (TN) of 307–310 K [348, 349]  and a band gap of 1.27 eV [348, 350, 351],  with 
a high Seebeck coefficient (~450 μV/K) [350, 352] and spin-wave excitation (magnon) drag effect 
[351, 353, 354]. Also, in contrast with other manganese chalcogenides, such as MnO, MnS and 
MnSe, which form with a cubic NaCl type crystal structure, MnTe has a hexagonal NiAs structure 
in its ground state [350] (Figure 35).  





Figure 35: Atomic arrangement of MnTe. Source: materials project [355]. Mn2+ is bonded to six 
equivalent Te2- atoms to form a mixture of edge, face, and corner-sharing MnTe6 octahedra. The 
corner-sharing octahedral tilt angles are 51°. All Mn–Te bond lengths are 2.85 Å. Te2- is bonded 
in a 6-coordinate geometry to six equivalent Mn2+ atoms. 
 
This material has been investigated since the 1930s [356, 357] either as an un-doped MnTe [358-
361]  or as doped compounds, such as  MnTeLi [359], (GeTe)1-x(MnTe)x   [362, 363], (Ge, Pb)1-
xMnxTe [364], Cd1-xMnxTe [365], Sn1−xMnxTe [366] and Zn1-xMnxTe [367]. However, there are two 
features of poor electrical conductivity and crystal structure instability that may compromise the 
potential of the MnTe compound as an efficient TE material. The poor electrical conductivity 
originates from a low hole concentration (~1018 cm-3 in comparison with the carrier concentration 
1019-1021 cm-3 in the state-of-the-art TE tellurides) [350, 368, 369], and the crystal structure 
instability  is due to Te/Mn ion migration. Both may alter the properties of MnTe-based devices 
during service time [353, 370], and therefore warrant further  investigation for improvement. 
In order to overcome the above-mentioned drawbacks for MnTe as a potential TE material, attempts 
have been made to reinforce it with graphene nanoplates (GNPs) to investigate if the high electrical 
Te 
Mn 




conductivity of GNPs can compensate for the low charge carrier concentration, while preventing 
Mn migration and inducing thermomechanical stability through interaction with the grain structure. 
As for the latter, mechanical sustainability due to graphene addition may result through grain/crystal 
growth inhibition or size reduction, load transfer, dislocation density increase, and Orowan 
strengthening. In this project, the magnetic, thermoelectric and mechanical factors of GNP 
reinforced MnTe compounds are characterised based on their microstructure manipulation and 
analysis. 
3.2 CoVSn 
There has been substantial progress in thermoelectric materials over the last two decades. 
Thermoelectric technology, which was mainly based on alloys of bismuth telluride [371] for Peltier 
cooling modules, or silicon-germanium alloys [372] for radioisotope thermoelectric generators used 
in NASA spacecraft, has expanded to new compounds for power generation and cooling [10]. New 
materials and material structures have been discovered with considerably enhanced thermoelectric 
properties [373]. In particular, some materials like half-Heusler (HH) alloys show an inherently 
large thermoelectric power factor, although they have generally higher thermal conductivity than 
alloys such as Skutterudites [374] and Clathrates. Since the thermal conductivity can be decreased 
by structural engineering, their potential to provide inherently significant power factors has recently 
attracted much attention. Indeed, a new class of half-Heusler compounds was predicted with low 
thermal conductivity [375]. In this regard, the sheer number of HH compounds to investigate is 
vast, and computational and predictive methods to shortlist the promising ones has become essential 
to make quick progress. First principle studies [376] and thermodynamic calculations [333] are 
some of the main methods to predict the new materials. Notably, the half-Heusler alloys with the 
cubic crystal structure of 𝐶1𝑏 (no.216) and the atomic arrangement of 𝑋𝑌𝑍 [377] have attracted 
much attention due to their unusual thermoelectric characteristics, high-temperature stability, and 
their doping capabilities (Figure 36,Table 5). 





Figure 36: Selected alloys with their corresponding TE properties that have been studied as half-
Heusler (the numbers are the items given in Table 5) [378]. 
 
Table 5: Compounds cited in Figure 36 [378]. 
Item Compound Ref. Item Compound Ref. 
1 Ti0.5(Zr0.5Hf0.5)0.5NiSn0.998Sb0.002 [379] 13 NbCoSb [380] 
2 TiCo0.95Ni0.05Sb  [381] 14 Zr,Ni,Sn [382] 
3 (Zr0.5Hf0.5)0.5Ti0.5NiSn0.998Sb0.002 [383] 15 Ti,Ni,Sn [384] 
4 Ti0.5(ZrHf)0.49Nb0.01Ni0.9Pd0.1Sn0.
98Sb0.02 
[385] 16 VCoSb [386] 
5 ZrNiSn0.98Sb0.02 [387] 17 Ti0.5Zr0.5NiSn0.98Sb0.02 [12] 
6 (Hf0.6Zr0.4)0.99Y0.01NiSn0.98Sb0.02 [388] 18 (Hf0.25Zr0.75)0.995Nb0.005
NiSn 
[67] 
7 Hf0.75Zr0.25NiSn0.99Sb0.01 [389] 19 (TiNiSn)0.95+(MnNiSb)
0.05 
[153] 




8 1.5% Y-Sb-doped Ti-Ni-Sn [390] 20 NbCoSb0.8Sn0.2 [391] 
9 TiCoSb0.8Sn0.2 [392] 21 Zr0.5Hf0.5Co0.9Ni0.1Sb [393] 
10 (Zr0.3Hf0.65Ta0.05)NiSn [394] 22 ZrCo0.97Pd0.03Bi  [395] 
11 (Ti0.4(Zr0.5Hf0.5)0.6)0.99Ta0.01NiSn [396] 23 TiNi1.06Sn0.81Sb0.17 [397] 
12 ZrNiSn0.99Sb0.01 [398] 24 Nb0.83CoSb [399] 





In 1995, Ögüt et al. [401] predicted CoVSn with MgAgAs (𝐶1𝑏) crystal structure would be a 
semiconductor intermetallic using DFT band structure calculations. The atomic arrangement of 
CoVSn is demonstrated in Figure 37.  
 
Figure 37: Atomic arrangement of CoVSn. Source: materials project [355]. V is bonded in a body-
centred cubic geometry to four equivalent Co and four equivalent Sn atoms. All V–Co bond lengths 
are 2.57 Å. All V–Sn bond lengths are 2.57 Å. Co is bonded to four equivalent V atoms to form 
distorted CoV4 tetrahedra that share corners with four equivalent SnV4 tetrahedra, corners with 
twelve equivalent CoV4 tetrahedra, and edges with six equivalent SnV4 tetrahedra. Sn is bonded to 








CoV4 tetrahedra, corners with twelve equivalent SnV4 tetrahedra, and edges with six equivalent 
CoV4 tetrahedra. 
Another study [402] applied the full-potential linear muffin-tin orbital (FP-LMTO) method to 
evaluate the electronic properties of CoVSn alloy and showed an indirect energy bandgap of 0.75 
eV. Shi et al. [403], calculated the electronic structure using the modified Becke-Johnson (MBJ) 
potential. Also, the transport coefficients were computed employing Boltzmann theory within the 
constant scattering time approximation. Moreover, spin-orbit coupling (SOC) was considered in the 
electronic and transport calculations. Figure 38 shows the calculated electronic band structure and 
density of states (DOS) of CoVSn alloy [402]. Based on this electronic structure, the alloy was 
predicted as a p-type semiconductor with a bandgap (W-X) of 0.85 eV.  
 
Figure 38: Calculated electronic band structure and density of states (DOS) of CoVSn alloy [378]. 
 
In the mentioned study, the maximum Seebeck coefficient with a carrier concentration of 1.0×1021 
cm-3 was calculated at a temperature of 1150 K as 340 µV/K [402]. Zeeshan et al. [71] carried out 
combined ab initio and semiclassical calculations based on Boltzmann transport theory and 
determined the maximum doping concentration of the p-type CoVSn alloy. Assuming a relaxation 
time of 10-15 s for V- and Cr-group doping, they estimated a Seebeck coefficient of 175 µV/K and 
a maximum power factor in the range of 11-23 µW/K-2 at optimum 0.26 e/uc p-type doping. This 




value of power factor is comparable with the power factor of many effective HH thermoelectric 
alloys.  
Despite the wide range of theoretical studies on CoVSn alloy, with promising predicted 
thermoelectric characteristics, to the best of our knowledge, there is no report on the thermoelectric 
characterization of synthesized samples of this alloy in the open literature. In this project, the 
microstructure, thermodynamic stability, thermoelectric and mechanical factors of pristine and GNP 
reinforced CoVSn compositions are characterised and analysed. 
3.3 CuSbTe2 
By 1958, CuSbTe2 had been studied  for its crystal structure [404-406] and electrical properties 
[407]. In 2017, Chen et al. [408] calculated the electronic band structure (Figure 39) of this 
compound and reported its effective electron mass equal to 𝑚𝑒
𝐷𝑂𝑆 ≈ 0.25𝑚0 for a single conduction 
band (CB).  
 
Figure 39: Electronic band structure and the local, atomic- and angular-resolved density of state 
(LDOS) of CuSbTe2 adapted from ref. [408] with permission. 
 




It should also be pointed out that, unlike most materials operating in thermoelectric power 
generation, CuSbTe2 is lead-free and thus is regarded as an environmentally-friendly product. 
However, there is a need for comprehensive analysis of this composition through its microstructure 
and thermoelectric characterization. In this project, CuSbTe2 and its GNP-reinforced composites are 

































CHAPTER FOUR   
EXPERIMENTAL PROCEDURE 
This chapter explains the experimental procedures to synthesize and characterise the nominated TE 
composites. According to the objectives discussed in chapter three, powder metallurgy was selected 
to fabricate different samples with various concentrations of graphene nanoplates. Moreover, 
through powder metallurgy, specifically in the step of mechanical alloying and milling, the narrow-
distribution size powder was produced as the basis for graphene reinforcing. Importantly, the 
nominated thermoelectric compounds, including MnTe, CoVSn, and CuSbTe2 have different 
physical characteristics, such as melting temperatures. By using powder metallurgy, the specific 
elemental parts can be mixed and then synthesized based on the appropriate sintering and annealing 
procedures. It is noteworthy that several procedures were tried for each compound and the optimized 
processes were used to sinter the nominated TE compositions. In further steps, sintered samples 
were analysed and assessed by crystallography methods, such as x-ray diffraction methods. 
Subsequently, thermoelectric properties, including 𝑆, 𝜎, and 𝜅 were measured. The electronic 
parameters, namely carrier mobility, and concentration were determined by measuring Hall 
coefficients and the Van der Pauw technique. Magnetic characterization was used for the samples 
with magnetic properties (i.e., MnTe). Microscopic evaluation was performed to characterize the 
microstructure of the nominated samples. Moreover, hardness measurement was carried out to 
No great discovery was ever made without a 
bold guess. 
― Isaac Newton (1643 - 1727) 
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characterize mechanical properties and the impact of graphene nanoplates reinforcement. Each step 
of the mentioned experimental procedures is described in detail in subsequent sections.  
4.1 Powder metallurgy 
4.1.1 MnTe-GNPs 
The pure chunks of Mn and Te elements (Alfa Aesar Co., 99.9% commercial purity, Ward Hill, 
MA, USA.) with an atomic ratio of 1: 1, were weighed and mixed under an argon gas atmosphere 
inside the Glovebox station (Figure 40a). In the first step, the mixture was poured into a P-7 milling 
cup filled with steel balls (D=10mm) with a 3: 1 ball/powder weight ratio (Figure 40b). The milling 
process was implemented by a planetary P-7 FRITSCH ball mill under a milling rate of 600 RPM 
for twenty-four hours (Figure 40c). 
   
Figure 40: a) Glovebox station, b) P-7 milling cup, and c) P-7 FRITSCH ball milling machine. 
 
After mechanical mixing of the Mn and Te chunks, the alloy powder was sealed off in a quartz tube. 
To perform this step, the powdered mixture was poured into a quartz tube (OD=20mm) and attached 
to a sealing valve, all inside the Glovebox, under the argon gas atmosphere (Figure 41a and b). After 
sealing the valve, the assembled valve was shifted outside the Glovebox and the inlet port was 
connected to a vacuum pump to create a partial vacuum pressure (~5 torr). Subsequently, the quartz 
tube was heated up to melt and seal, using an oxyacetylene flame (Figure 41c). 
 
a b c 






Figure 41: a) Quartz tube and sealing valve, b) Sealing the mechanically alloyed powder under an 
argon gas atmosphere inside the Glovebox via a sealing valve, c) Sealing the quartz tube containing 
the mechanically alloyed powder using a flame, and d) Rocking furnace with rotational movement 
to mix the powder during the annealing process. 
 
 Subsequently, the sealed off compound powder was annealed in a rotating furnace at 750°C for 
twenty-four hours (Figure 41d). In this step, the powder mixture further homogenized during the 
furnace rotation and annealing process. After completing the annealing process, the alloyed powder 
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hours. In the next step, MnTe-xGNP composite powders (x: 0.25, 0.5, 0.75, and 1 wt. %) were 
prepared by mixing the synthesized MnTe powder and Graphene nanoparticles (GNPs, average 
particle size 3nm, surface area 500 m2/g, Alfa Aesar) under the argon gas atmosphere. In this 
process, a planetary micro ball-mill was used for one hour, containing steel balls (D=1mm) with a 
ball/powder volume ratio of 1: 1.  
4.1.2 CoVSn-GNPs 
For the sample preparation of CoVSn composition, elemental powders of Co, V, and Sn (Alfa Aesar 
Co., 99.9% commercial purity, Ward Hill, MA, USA.) based on a stoichiometric atomic ratio of 
1: 1: 1 were weighed and mixed under an inert atmosphere (argon gas, P= ~2.2mbar) inside a 
Glovebox (Figure 42) to eliminate any potential oxidation.   
 
 
Figure 42: a) Glovebox station for the CoVSn sample preparation, b) element weighing inside the 
Glovebox. 
 
The powder mixture of the CoVSn composition was mechanically milled by a planetary ball mill 
(SPEX-6, Metuchen, NJ, USA, 5:1 ball-powder weights, steel ball diameter=10 cm) for thirty hours 
(Figure 43). It is noteworthy that all the mechanical alloying steps,  including pouring the elemental 
powder into the milling cup, sealing, and powder mixture inspection (to check for any sticking on 
the cup inner wall) were implemented inside the Glovebox under argon gas pressure (Figure 42).  
a b   








Figure 43: a) SPEX-6 ball milling machine contents, b) steel balls (D=10mm) inside a clean milling 
cup, c-e) photos of the inspection steps and trial-error checking to find the best ball-powder ratio 
and milling time, and f) successfully produced alloyed powder with no sticking to the cup wall.  
 
After mechanical alloying of the powdered mixture, the premixed alloy needed to be sealed off in 
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41a-c).  The sealed powdered composition inside the quartz tube was annealed at a temperature of 
900°C for time intervals of twenty, forty, and eighty hours (Figure 44).  
 
Figure 44: Sealed off quartz tubes for annealing. 
The CoVSn composition, after annealing, was then reinforced by Graphene nanoparticles (GNPs) 
(average particle size 3nm, surface area 500 m2/g, Alfa Aesar). CoVSn-xGNP composite powders 
(x: 0.25, 0.5, 0.75, and 1 wt. %) were prepared via milling by a planetary micro ball-mill for one 
hour, containing steel balls (D = 1mm) with a ball/powder volume ratio of 1: 1.  
4.1.3 CuSbTe2-GNPs 
The pure chunks of Cu, Sb,  and Te elements (Alfa Aesar Co., 99.9% commercial purity, Ward Hill, 
MA, USA.) were mixed with a stoichiometric atomic ratio of CuSbTe2 (Cu:Sb:Te, 1: 1: 2) and 
loaded into a quartz tube under an argon gas atmosphere inside the Glovebox (Figure 45a), and then 
sealed off, as explained for the MnTe compound (Figure 41a-c, Figure 45b). In the next step, the 
mixed elements (Cu, Sb, and Te) were heated in a pre-melting step (T=~600°C) to expedite the 
alloying process. The melting and solidification steps were repeated three times to ensure an 
homogenous alloy. Due to the low melting temperature of CuSbTe2 (Tm=530 °C) [409], complete 
melting occurred during the heating process by using an oxyacetylene flame heating (Figure 45c), 
and resulted in a solid ingot after cooling (Figure 45d). 




   
Figure 45: a) Glovebox station, b) sealing valve assembly, c) melting the premixed elements of 
CuSbTe2, and d) a solidified CuSbTe2 ingot.   
 
In order to produce a uniform alloyed powder, the as-solidified ingot was milled in a P-6 FRITSCH 
ball mill (Figure 46a) containing 10 mm Zirconia balls with a ball/powder ratio of 10: 1 at a milling 
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Figure 46: P-6 milling cup and b) P-6 FRITSCH ball milling machine. 
 
After the mechanical milling of the ingot, the powdered composition was poured into a quartz tube 
and sealed off with an oxyacetylene flame under vacuum pressure of about 5 torr (Figure 47a). The 
powder in the sealed off quartz tube was annealed at a temperature of 450 °C for twenty-four hours 
in a rocking furnace with rotation (Figure 47b).  
 










Figure 47: a) Sealing off quartz tube containing the CuSbTe2 powder to anneal, b) Rotating rocking 
furnace, and c) Annealed CuSbTe2 powder.  
In the next step, the annealed powder was milled in a P-6 cup (Figure 46a) containing 10 mm 
Zirconia balls (ball/powder ratio of 10: 1) in a FRITSCH milling machine under a rotation speed of 
400 RPM for 3 hours (Figure 46b).  
CuSbTe2-xGNP composite powders (x: 0.25, 0.5, 0.75, and 1 wt. %) were prepared by the milling 
process as described for the MnTe- xGNP composite powders.   
4.2 Bulk sample production 
The powder of the pristine and GNP-reinforced composites for the MnTe, CoVSn,  and CuSbTe2 
compounds were sieved inside the Glovebox (under an argon gas atmosphere) using a test sieve 
with a mesh size of 63µm (USA standard Test Sieve, ASTM E-11 specification, W.S. TYLER1), as 








Sealed-off quartz tube 
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Figure 48: Standard test sieve to sieve and measure the powder particle size before the spark 
plasma sintering step. 
 
The bulk samples were fabricated using the spark plasma sintering (SPS) technique. In this step, the 
required weights of the green alloy powders for a volume of a cylinder with a diameter of 6 mm 
and a length of 10-14 mm were loaded into a graphite die with an inner diameter of 6 mm. Two 
more graphite spacers and rods with diameter of ~ 6 mm were used as the punches for transferring 
the pressure and connecting the electrical circuit during the heating time (Figure 49).  Three to five 
bulk samples were produced for each composition.  
 
  
Figure 49: a) Schematic of the graphite die and interiors set up, b) expected graphite die containing 
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Figure 50: Spark plasma sintering (SPS) setup (a-c), d) Examples of sintered samples. 
 
Based on the physical properties of the nominated thermoelectric compounds, the sintering 
temperatures were different, as shown in Table 6. However, the applied pressure and soaking time 
were the same for all the samples, at 42 MPa and twenty minutes, respectively. Also, the sintering 
process was completed under the argon gas atmosphere (Glovebox) to eliminate any risk of 
oxidation (Figure 50).  
 
Table 6: Applied pressure and temperature in the SPS process for the studied samples. All samples 
were sintered for twenty minutes.  
Composite Applied pressure (MPa) Temperature (°C) 
MnTe-xGNPs 42 1000 





Graphite rod   
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(x: 0, 0.25, 0.5, 0.75, and 1 wt. %) 
CoVSn-xGNPs 
(x: 0, 0.25, 0.5, 0.75, and 1 wt. %) 
42 850 
CuSbTe2-xGNPs 
(x: 0, 0.25, 0.5, 0.75, and 1 wt. %) 
42 450 
4.3 Density measurement 
The bulk sample average density (to be ≈98-99% of the ideal density) was measured by the 
Archimedes method, with isopropyl alcohol as a displacement medium (Figure 51). The results of 
this measurement were used to calculate the thermal conductivity.  
 
Figure 51: Archimedes experimental setup for measuring the sample density. 
4.4 Crystal structure characterization 
The phase identification via the X-ray diffraction analysis of the studied compositions, including 
the MnTe, CoVSn, CuSbTe2 compositions and their GNP-reinforced composites, was implemented 
by a MiniFlex 300/600 model diffractometer used Cu x-ray radiation generated with 40 kV, 15 mA 
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and a scan rate of 3 deg/min, as shown in Figure 52. The XRD results were analysed using integrated 
X-ray powder diffraction software (PDXL) based on the available CIF (crystal information file) for 








4.5 Measurement of Seebeck coefficients and electrical conductivity 
The electrical resistivity was measured by using Linseis-LSR3 (LSR3, LINSEIS, Selb, Germany) 
equipment under an He environment for the same temperature range. The Seebeck coefficient was 
measured simultaneously (Figure 53 a and b). The samples were prepared in the cylindrical shapes 
(L=10-14mm and D=6mm) (Figure 53c). The samples’ surfaces were degreased by isopropyl 
alcohol to reduce any error in the electrical and temperature measurements (Figure 53d).  In 
addition, carbon paste and carbon sheets were used to create proper electrical and thermal contacts 
for the measuring probes. The commercial LINSEIS software calculates the thermopower from a 
single temperature gradient (∆𝑇) and voltage difference (∆𝑉), which is often erroneous. Therefore, 
the measurement was performed for five different temperature gradients, and each measurement 
was repeated four times and then averaged. The thermopower was calculated from the slope of the 
a b 
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line fitted to five separate temperature and voltage differences. The accuracy of the measurement 
was verified by inspecting the linear fit to the (∆𝑇 − ∆𝑉) data set (Figure 54).  
   
 
Figure 53: a) LINSEIS -LSR3 machine and b, c) sample set up, d) Prepared samples with shiny 
clean surface to measure 𝑆 and 𝜎.  
 
Figure 54: Linear fit to the (∆𝑇 − ∆𝑉) data set. 







D=12-14 mm D=6mm 
d 
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4.6 Measurement of heat capacity and thermal diffusivity 
The thermal conductivity (𝜅) was calculated by using 𝜅 =  𝐷𝜌𝐶𝑝, where 𝜌 (g.cm
-3) is the sample 
density. The specific heat capacity 𝐶𝑝 (J. Kg
-1K-1) and thermal diffusivity 𝐷 (m2.s-1) were measured 
by the laser flash method on the LINSEIS LFA instrument (Figure 55). The samples were prepared 
in the form of thin discs with diameters of 6 mm and thicknesses of 0.5-0.6 mm. The samples were 
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4.7 Magnetic characterization 
The DynaCool physical property measurement system (PPMS) was used to characterize the 
magnetic and electrical transport properties of the potential thermoelectric compounds (MnTe, 
CoVSn, CuSbTe2, and their GNP-reinforced composites) in an environment where the magnetic 
field and temperature were well-controlled  (Figure 56). 
 
Figure 56: Physical Property Measurement System (PPMS) (Dynacool). 
The geometries of samples were typically thin strips (L=~5mm, W=~3mm, and t=0.5-0.7mm) to 
measure the magnetic behaviours by magnetic susceptibility via the vibrating sample magnetometry 
(VSM) option (Figure 57), and thin discs (D=6mm and t=0.5-0.7mm) to measure electrical transport 
properties (e.g., Electrical transport measurements by the electrical transport option (ETO) – Figure 
58).  
The VSM option is a fully automated DC magnetometer. This measurement is accomplished by 
oscillating the sample in a pickup coil and synchronously detecting the induced voltage [410-412]. 











Sample (~3mm × ~5mmሻ 
Sample holder 
Sample carrier 
Sample setup station 
Folded sample in the copper shields 
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At room temperature, the carrier densities (𝑛𝐻) and mobility (𝜇𝐻) were measured by measuring the 
Hall coefficients (𝑅𝐻) using the Van der Pauw  method by the DC resistance puck and setup (Figure 
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Figure 58: a) Wire cutting machine to cut the sample with a thickness of 0.5-0.7mm, b) 
electroplating setup to prepare the connection point and reduce the electrical resistance at the 
contact points, c) resistivity puck, d) sample wiring test station, and e) sample setup for Hall 
measurements.  
4.8 Microstructure Analysis 
Microstructural analysis is performed to characterise the impact of graphene nanoplate 
reinforcement on the nominated TE samples. This method is capable of showing the precipitation 
of graphene nanoplates on the particle/grain boundaries. The sample preparation as a preliminary 
step for microstructural analysis is also presented.  
4.8.1 Sample preparation 
In order to study the microstructure and measure hardness, the samples were typically mounted in 
Bakelite by employing the Struers CitoPress-5 automatic mounting machine, as shown in Figure 















Figure 59: a) Struers CitoPress-5 automatic mounting machine, b) Dimension of a mounted 
specimen, and c) Example of prepared samples for microscopic analysis. 
 











Multi-fast resin 3 180 300 2 
 
4.8.2 Polishing 
Polishing took place on a Struers Tegramin 25 automatic polisher, as shown in Figure 60. Rough 
grinding was completed on 220, 500 and 1200 grit diamond impregnated disks. Polishing was 
carried out by using 9 μm, 3 μm, 1 μm diamond suspensions and 0.04 μm colloidal silica abrasives, 
following a short colloidal silica polishing time to prepare the samples for optical microscopy or 
electron microscopy analysis. The polishing procedures presented in Table 8, Table 9, and Table 
c 
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10 were used for the surface preparation of MnTe-xGNPs, CoVSn-xGNPs,  and CuSbTe2-xGNPs 
(x: 0, 0.25, 0.5, 0.75, and 1 wt. %) composites, respectively.  
 
 




Table 8: Polishing process for MnTe -xGNPs (x: 0, 0.25, 0.5, 0.75, and 1 wt. %), used media: 
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Table 10: Polishing process for CuSbTe2-xGNPs (x: 0, 0.25, 0.5, 0.75, and 1 wt. %).  
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The time spent for polishing the samples by the colloidal silica in step seven depends on the 
specimen’s composition. Between the different polishing steps, the samples were rinsed with water 
or ethanol and then placed in a bath of ethanol under an ultrasonic cleaning process. The samples 
were cleaned for at least five minutes and then dried with ethanol and hot air.  
4.8.3 Optical Microscopy 
Optical microscopy took place using a Zeiss AXIO Imager.M2m reflected light optical microscope 
fortified with bright field, dark field and cross-polarization filters. The microscope provides a 10× 
ocular and 5×, 10×, 20×, 50×, and 100× objectives (Figure 61). Images were analysed with 
Axiovision software version 4.9.1.  
 
Figure 61: Zeiss Axio Imager.M2m optical microscope. 
4.8.4 Electron Microscopy 
The electron microscopy was performed at Adelaide Microscopy; a branch of the Australian 
Microscopy and Microanalysis Research Facility (AMMRF). Electron microscopy was employed 
to generate scanning electron microscopy (SEM) images of the microstructure, Energy dispersive 
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X-ray spectroscopy analysis of phases within the microstructure and to create Electron backscatter 
diffraction (EBSD) maps. 
4.8.4.1 Scanning electron microscopy (SEM) 
General scanning electron microscopy (SEM) imaging was accomplished at Adelaide Microscopy 
on the FEI Quanta 450 FEG Environmental Scanning Electron Microscope (ESEM) shown in 
Figure 62. The microscope contained both secondary and backscatter electron detectors and is 
equipped with an Oxford Ultim Max Large Area SDD EDS detector. A carbon tape was used to 
bridge the connection from the sample surface to the standard 25 mm diameter stub.  
 
 Figure 62: Quanta 450 FEG ESEM. 
 
4.9 Hardness measurement 
The hardness (𝐻) is a mechanical feature often measured for thermoelectric materials and other 
brittle compounds via nanoindentation or microindentation. Hardness testing is relatively quick, 
straightforward, and needs only a planar specimen surface [339]. Vickers’ hardness is a 
determination of the material resistance against the plastic deformation. A Vickers’ hardness 
indenter imposes a constant load over a time period (10-15 seconds) according to the ASTM E384 
standard [413]. In a Vickers’ hardness tester, there is a square base pyramid (diamond) built-in tip 
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angle of 136º - see Figure 63a. The applied force to this indenter results in a square with diagonals 
















    
 
Figure 63: Schematic diagram of a) Vickers hardness indenter and b) the indent produced. 
 
The Vickers’ hardness number can be calculated based on the applied force and resultant area. The 




























]                                       (47), 
where 𝐹 is in Newtons and 𝑑 is in mm. 
Vickers’ hardness testing was performed by a LECO LM700AT microhardness tester, with an 
applied force of 1000 g  and a dwell time of 10 s,  presented in Figure 64 according to the ASTM 





Vickers indenter schematic diagram. 
Vickers hardness indent. 
d1 d2 




Figure 64: LECO LM700AT Vickers’ microhardness tester. 
Based on the ASTM E384-17 standard, the subsequent hardness indents were created in the spaces 
greater than 3× the diagonal length of the indent (typically 500 μm intervals) to eliminate any 
influence from previous indents on the further measured hardness and mechanical properties.








CHAPTER FIVE  
RESULTS AND DISCUSSION- MnTe-xGNPs (x: 0, 0.25, 0.5, 0.75, 
and 1 wt.%) 
 
This section of the project explains the results of the thermoelectric, mechanical, and 
microstructural analysis of the MnTe compounds reinforced with the Graphene nanoplates (GNPs), 
at various weight percents, including 0,0.25, 0.5, 0.75, and 1. Figure 65a exhibits the XRD pattern 
for the synthesized MnTe compound, in which the majority of the diffraction peaks can be well 
indexed with NiAs-type crystal structure (section 3.1) in good agreement with the literature (Figure 
65b) [361]. This observation confirms the successful synthesis of pristine MnTe powder to be 




Equipped with his five senses, man explores 
the universe around him and calls the 
adventure Science. 
― Edwin Hubble (1889 - 1953) 
 
 




































Figure 66: Magnetic susceptibility of the MnTe-GNP compounds versus temperature under a 
magnetic field of 0.1T (1000 Oe), a) moment, b) inverse moment [41].  
 
Magnetic characterization of the MnTe and MnTe-GNP compounds indicates that the Néel 
temperature ( TN≅307K) [348, 349] remains almost unaffected by the GNP addition (Figure 66b-
inset). The pristine MnTe shows a ferromagnetic (FM) phase over a temperature range of 0-50K 
(Figure 66a). The associated magnetic moment is smaller in the samples with greater GNP. 
Therefore, this reduction must be attributed to the dispersion of GNP in the MnTe matrix. The 
magnetic susceptibility (Figure 66a) shows a Curie temperature at the interval of 40-50 K. This 
observation indicates a probable existence of Mn3O4, since its Curie temperature is around 43 K 
[414]. Moreover, the XRD spectra, shown in Figure 67, reveals a minor peak (2=49.2o), which can 
be made to disappear by increasing the GNPs mixing ratios (Figure 67-inset). All GNP reinforced 
MnTe samples, except the MnTe- 0.25 wt.% GNP, also show XRD peaks at about 2=40.7o and 
2=56.6o, associated with the Mn23C6 phase [415].  The disappearance of the Mn3O4 XRD lines in 
the GNP-reinforced samples and the emergence of the Mn23C6lines suggest a chemical reaction is 
taking place between the bulk material and the GNPs (Figure 67-inset). The comparison of the 
formation energies for Mn3O4  [416] and Mn23C6 [417] confirms that Mn23C6  is chemically more 
stable than Mn3O4. Since Mn23C6 is energetically more favourable, it is highly possible that in a 
thermally activated reaction, GNP reduces Mn3O4 to make Mn23C6, as evidenced by the 
disappearance of Mn3O4 lines in the XRD data. 






Figure 67: XRD spectrum showing the diffraction peaks for the GNP-MnTe samples. The formation 
of 𝑀𝑛23𝐶6 peaks confirms the chemical interaction of Mn-C in addition to the formation of a Te-
rich phase, 𝑀𝑛𝑇𝑒2 [41]. 
 
The Mn reaction with carbon consumes Mn, leading to Te rich domains that favour the formation 
of MnTe2, as confirmed by the XRD peak at 2ϴ=32 (Figure 67). The formation of the MnTe2 phase 
can be explained by thermodynamic consideration [418, 419], based on three reaction steps for the 
formation of MnTe alloy in the current study, 
1) 2𝑀𝑛 + 2𝑇𝑒 → 𝑀𝑛𝑇𝑒2 +𝑀𝑛 + 𝑄1 @ mechanical alloying and milling, (MnTe2 standard 
heat of formation = -26.4 kcal/mol) [420], 
2) 𝑀𝑛𝑇𝑒2 →  𝑀𝑛𝑇𝑒 + 𝑇𝑒 @ annealing process (T:750 ⁰C) and spark plasma sintering (T:950 
⁰C) 
3) 𝑀𝑛 + 𝑇𝑒 →  𝑀𝑛𝑇𝑒, (MnTe standard heat of formation = -13.27 kcal/mol) [421]. 
It is worth noting that the second and third synthesis steps can happen simultaneously during the 
SPS process of the bulk samples. While these steps are likely to be completed in pristine MnTe 
samples, in the GNP-reinforced MnTe, the second reaction may not proceed further to the third one, 





as the unreacted Mn can react with the carbon atoms (achieved by defected GNPs during the 
mechanical alloying) and create the stable manganese carbide of Mn23C6 (Figure 67) [415, 422]. In 
other words, Mn23C6 acts as a competitive phase with standard heat of formation of -58.5 kcal/mol 
[415] against the MnTe and MnTe2 phases, with the heat of formation equal to -13.27 kcal/mol 
[421] and -26.4 kcal/mol [420], respectively. 
Consistent with these claims, the equilibrium Mn-C phase diagram (Figure 68a) confirms that the 
Mn23C6 is stable up to a temperature of 1034 ⁰C, which is higher than the melting point of MnTe2 
(T=735⁰C-Figure 68 b). Consequently, Figure 67 illustrates higher peak intensities for Mn23C6 and 
MnTe2 in the samples containing more GNP (i.e., 0.75 and 1 wt.% GNPs), which almost 
compromises their magnetic properties (Figure 66) in comparison with the pristine MnTe. It is 
noteworthy that the GNPs were mixed rather than doped (atomic substitution) into the MnTe matrix; 
therefore there is no major variation observed in the lattice parameters calculated for the MnTe-
GNPs samples (Table 11).  
  
Figure 68: a) Mn-C binary phase diagram, b) Mn-Te phase diagrams [41]. 
 
 





Table 11: Lattice parameters of MnTe-GNPs samples calculated by PDXL software according to 













a (ang), α=90° 4.1496 4.1491 4.1505 4.1497 4.1457 
b (ang),β=90° 4.1496 4.1491 4.1505 4.1497 4.1457 





Figure 69: The temperature-dependent thermoelectric characteristics of the MnTe-xGNP 
compounds. 
The temperature-dependent thermoelectric characteristics of MnTe-GNP compounds are presented 
in Figure 69 versus temperature from 300 K to 820 K. The observed transport characteristics of the 





p-type MnTe near its Néel temperature (307 K) have already been noted in several reports [423-
425]. GNP mixing did not make a significant difference to the electrical conductivity at high 
temperatures. However, the room temperature electrical conductivity dropped with GNP inclusion. 
Electrical conductivity ሺσሻ relates directly to the carrier concentration (n) and mobility (μ), i.e., σ =
enμ. To determine the impact of the graphene reinforcement on carrier concentration and mobility, 
the Hall effect data for two selected samples, namely MnTe and MnTe-1 wt.% GNP, were 
measured, as shown in Figure 70. 
  
Figure 70: Carrier concentration (left axis) and Carrier mobility (right axis) for two selected 
samples. MnTe (broken line) and MnTe-1wt.%GNPs (solid line) [41]. 
The low-temperature side of the Hall data is limited to ~312K to stay away from the Néel 
temperature, where the critical fluctuations can distort the Hall voltage. As shown in the figure, the 
Hall data is in good agreement with the trends observed in the thermopower data. MnTe-1 wt.% 
GNP shows about 10× smaller hole concentration than MnTe. The electrical conductivity of this 





sample is also about the same order more diminutive than that of MnTe. The doping mechanism in 
pure MnTe is by stoichiometry and defects. For example, uncompensated ions such as Mn1+ −  Mn 
vacancies, as the major types of defect in MnTe, can donate a hole to the crystal   [426, 427]. GNP 
introduces carbon to the system that may compensate some of such defects and reduce the hole 
concentration in MnTe, which can explain the smaller hole concentration in MnTe-1 wt.% GNP. 
The hole mobility for both samples is in the same order, which may seem counter-intuitive, 
considering the larger density of the interfaces in MnTe-1 wt% GNP. To understand the insensitivity 
of the carrier mobility to the interface scattering in MnTe, one must take into consideration the 
magnetic properties. In AFM MnTe, the dominant scattering mechanism near and above the Néel 
temperature is due to spin-disorder scattering [428]. This scattering is about one to two orders of 
magnitude stronger than any other one in the material. For example, the relaxation times due to the 
acoustic phonons and impurity scatterings are typically in the range of picoseconds or fractions of 
picoseconds. However, the spin-disorder scattering in MnTe is in the range of a few ten 
femtoseconds  [42]. GNP addition will add more interface scattering to the material, though such 
defect scatterings are in the picosecond ranges and will not affect the carrier mobility significantly.  
Therefore, the larger Seebeck coefficient alongside the smaller electrical conductivity of MnTe-
GNP samples, all indicate a lower carrier concentration in the GNP-added samples.  
The segregation of the graphene phase (GNPs) at the microstructural boundaries is illustrated in 
Figure 71 (a,b). Moreover, Figure 71c illustrates the results of the x-ray line scan of the GNP 
(carbon) distribution in the microstructure. As shown in this figure, the path of this line was arranged 
to cross the microstructural boundaries containing the GNP precipitation. Based on the results, by 
passing through the boundary regions, the carbon peaks increase, which confirms the precipitation 
of GNPs at the boundaries. It is noteworthy that the interfaces may scatter the low energy carriers 
preferentially more than the high energy ones and thereby contribute to enhancing the Seebeck 
coefficient, or energy filtering mechanism [32, 429]. However, considering the lower carrier 





concentration of MnTe-GNPs samples, energy filtering does not seem to be the dominant factor 
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Figure 71: Graphene precipitation at the microstructural boundaries in the GNP-reinforced MnTe 
sample, a) BSE image, b) Micrograph, and c) x-ray line scan of Carbon distribution [41]. 
 
Concurrently, the thermal conductivities have also been reduced (Figure 69b), owing to the interface 
scattering of the acoustic phonons in the MnTe-GNP matrix [206, 430].  Overall, the samples with 
0.5, 0.75, and 1wt.% GNPs did not show enhanced TE characteristics as much as the sample with 

















Figure 72: Graphene agglomeration in, a) MnTe-0.5 wt.% GNPs (left), and Carbon distribution X-
ray map (right), b) MnTe-0.75 wt.% GNPs (left), and Carbon distribution X-ray map (right), and 
c) MnTe-1 wt.% GNPs (left), and Carbon distribution X-ray map (right) [41]. 
This may be attributed to a few reasons such as the lack of uniform dispersion of GNPs in the mixing 
ratios greater than 0.25wt.% GNPs (Figure 72), as similarly reported in another study [319]. Also, 
the phase impurities generated by GNP reaction with MnTe can deteriorate the thermoelectric 
properties. GNP is also a pseudo-metallic phase with a small Seebeck coefficient; hence, an 
excessive amount of GNP can lead to the reduction of the thermopower. To this end, the 𝑧𝑇𝑚𝑎𝑥 was 
determined approximately as ~0.56 at 820K for the MnTe-0.25wt.% GNP compound (Figure 69b).  
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Figure 74: Micro-crack formation due to the Vickers’ microhardness test (left side) and crack 
propagation path for 0.25 wt.% GNP-MnTe (right side) [41]. 
The mechanical characteristics of the MnTe-GNP compounds were evaluated through the 
measurement of Vickers’ microhardness and calculation of the fracture toughness, as given in Table 
Table 12 and Figure 73. Fracture toughness (𝐾𝐼𝐶, MPa√m
 ) values were calculated according to the 
Shetty equation 𝐾𝐼𝐶 = 0.0899√
𝐻𝑃
4𝑙
  [431-433], where 𝐻, 𝑃 and 𝑙 are the hardness, applied load of 
indentation,  and indentation crack length, respectively. The average of the radial crack length was 
calculated from five indentations measured for each specimen. The calculations exhibit higher 
fracture toughness values for the samples containing 0.25 wt.% GNPs (Figure 73f). Based on the 
illustrated crack growth path (Figure 74b), the presence of porosity in the bulk materials may 
influence the crack deflection [434], making the cracks reinitiate after passing through the pores. 
Moreover, the presence of porosity appears to have influenced the hardness values such that the 
samples with a higher concentration of porosity showed lower hardness (Table 12). The increase in 
porosity with GNP reinforcement may be attributed to the fact that in the SPS process of pristine 
MnTe, the local Joule heating produces melting at the particle contacts, and the applied force brings 
about the closure of interparticle voids [435]. In contrast, in the GNP-reinforced samples, MnTe 
particles are separated by GNPs, preventing them from joining together due to the low wettability 





for graphene due to the MnTe matrix.  [436, 437]. Furthermore, the formation of the impurity 
Mn23C6 phase (Figure 67) in the GNP-reinforced samples (GNPs ≥0.5wt.%), which is expected to 





















































RESULTS AND DISCUSSION- CoVSn-xGNPs (x:0, 0.25, 0.5, 0.75, 
and 1 wt.%) 
 
This section of the project evaluates and analyses the thermoelectric, mechancial, and 
microstrcuture of CoVSn composition reinforced with the Graphene nanoplates (GNPs), in various 
weight percents, including 0, 0.25, 0.5, 0.75, and 1. Since the thermoelectric experimental 
realization of this composition has not been studied in the open research database, in the first step, 
the synthesis and thermoelectric characterization of the pristine CoVSn are presented and discussed.  
Figure 75 shows the XRD data of the CoVSn powder after 15hr and 30hr milling and that of the 
SPS-consolidated bulk sample prepared from the sintered powder mixture. The XRD patterns of the 
SPS-consolidated CoVSn bulk sample revealed the presence of three binary intermetallics, namely  
SnV3, Co2Sn, and Co3V, in addition to the non-stoichiometry CoVSn half-Heusler alloy. Therefore, 
the synthesized compound is shown to be a multi-phase material. Furthermore, the BSE image and 
the EDS maps of the material, as shown in Figure 76, illustrate a heterogeneous microstructure, 
which agrees with the observation from the XRD analysis. The non-uniform dispersion of the 
An experiment is a question which science 
poses to Nature and a measurement is the 
recording of Nature’s answer. 
― Max Planck (1858 - 1947) 
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elements of Co, V, and Sn evidence the presence of a multiphase structure with various micro-
clusters. 
 
Figure 75: XRD patterns of the synthesized CoVSn compound [378]. 
  




Figure 76 : a) BSE micrograph of the SPS-consolidated CoVSn composition and EDS-maps of b) 
Co, c) V, and (d) Sn, e) line scan, and f) element distribution along the line scan (e) [378]. 








Figure 77 shows the thermoelectric parameters 𝑆, 𝜎, 𝜅 (thermal conductivity), and 𝑧𝑇 of the 
synthesized compound over a temperature range of 300 to 800 K. The Seebeck coefficient is 
negative, indicating an n-type semiconductor. This is in contrast with the theoretical prediction that 
the CoVSn compound should be a p-type semiconductor [71, 438]. The physical properties of the 
Heusler-based compound are generally highly related to the crystallographic order [439]. The 
observed multiphase structure (Figure 75) combines metallic characteristics due to the presence of 
intermetallics, such as SnV3, Co2Sn, and Co3V. Therefore, the carrier type of the composition cannot 









Figure 77: Temperature-dependent thermoelectric parameters of CoVSn compounds. 
 
As illustrated in Figure 75, the multi-phase structure containing various intermetallic compounds 
with both semiconductor and metallic characteristics provides semiconductor-metal interfaces 
[440]. The CoVSn compound containing the intermetallic phases has both ionic and covalent bonds. 
The presence of both ionic and covalent bonds in CoVSn (𝑉𝑆𝑛: ionic-rock salt, 𝐶𝑜𝑆𝑛: covalent-
Zinc blend) can influence the stability of the semiconductor-metal interfaces (i.e., interface 
behaviour) [441].  The metal-semiconductor contact lines up the chemical potentials and develops 
a Schottky barrier at the interface that can lead to distinctive chemical and electrical properties, 
which are different from the bulk compounds [442]. It is instructive to look at the thermodynamics 
of the ternary phase diagram of CoVSn. Such data are not currently available, it being a new alloy. 
Therefore, the ternary phase diagrams of the Co-V-Sn were calculated over the temperature ranges 
of interest: 25 °C and 1200 °C. The Thermo-Calc 2016a package was used for this calculation. 









Figure 78 : Calculated ternary phase diagrams (atomic ratio) of Co-V-Sn at a) 25, b) 600, c) 900, 
and d) 1100 °C. Crossing point showed a composition of 1:1:1 of atomic percent and weight percent 
of Co: 26 wt. %, V: 22 wt. % and Sn: 52 wt. %. The Thermo-Calc package was employed to calculate 
the ternary phase diagrams under atmospheric pressure [378]. 
 
Table 13: Phase compositions of the nominated areas in Figure 78 [378]. 











d2 CoSn+CoSn2+ Sn3V2 
e2 BCT_A5+ CoSn2+ Sn3V2 
f2 HCP_ORD+Sn3V2+ SnV3 
g2 CoV3_A15+HCP_ORD+ SnV3 
h2 BCC_B2+CoV3_A15+ SnV3 
i2 BCC_B2+CoV3_A15 
600 
a6 Co3Sn2_A +FCC_L12 
b6 Co3Sn2_B+FCC_L12+HCP_ORD 
c6 Co3Sn2_B+ HCP_ORD 
d6 Co3Sn2_B+CoSn+ HCP_ORD 
e6 ALTA_SIGMA(V,Co) +CoSn+HCP_ORD 
f6 ALTA_SIGMA (V, Co)+ CoSn 
g6 ALTA_SIGMA(V, Co)+ CoSn+ SnV3 
h6 CoSn+Sn3V2+ SnV3 
i6 LIQUID+CoSn+ Sn3V2 
j6 LIQUID+Sn3V2 
k6 ALTA_SIGMA(V, Co) + SnV3 
l6 ALTA_SIGMA(V, Co) +CoV3_A15+ SnV3 




900 a9 FCC_L12 
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b9 Co3Sn2_B+ FCC_L12 
c9 Co3Sn2_B + FCC_L12+ HCP_ORD 
d9 Co3Sn2_B + HCP_ORD 
e9 ALTA_SIGMA(V, Co) + Co3Sn2_B + HCP_ORD 
f9 ALTA_SIGMA(V, Co) + Co3Sn2_B 
g9 Co3Sn2_B+BCC_B2+CoSn 
h9 ALTA_SIGMA(V, Co) + Co3Sn2_B+BCC_B2 
i9 BCC_B2+Co3Sn2_B 
j9 LIQUID+BCC_B2+CoSn 




o9 LIQUID+ SnV3 
p9 LIQUID+BCC_B2+ SnV3 
p6 BCC_B2+ SnV3 
r9 LIQUID+BCC_B2 
s9 ALTA_SIGMA(V, Co) +BCC_B2 
1100 
a9 FCC_L12 
b9 Co3Sn2_B+ FCC_L12 
c11 LIQUID+ Co3Sn2_B+ FCC_L12 
d11 LIQUID+ FCC_L12 
e11 LIQUID+ ALTA_SIGMA 
f11 LIQUID+ ALTA_SIGMA (V, Co)+FCC_L12 




h11 LIQUID+ ALTA_SIGMA(V, Co)+ BCC_B2 
i11 ALTA_SIGMA (V, Co)+ BCC_B2 
o6 BCC_B2 
p6 BCC_B2+ SnV3 
l11 LIQUID+ BCC_B2 
m11 LIQUID+ LIQUID #2+SnV3 
n11 LIQUID+ LIQUID #2+ BCC_B2 
l11 LIQUID+ BCC_B2 
o9 LIQUID+ SnV3 
q11 LIQUID+ LIQUID #2 
 
Table 14: Phase composition of CoVSn compound (1:1:1) at a temperature of 25 to 1100 °C [378]. 
T (°C) Phase/ Crystal structure/Elements 
25 CoSn, HCP_ORD (Co, V)  and Sn3V2 
100 SnV3, HCP_ORD (Co, V)  and Sn3V2 
200 SnV3, HCP_ORD (Co, V)  and Sn3V2 
300 CoSn, HCP_ORD (Co, V)  and Sn3V2 
400 CoSn, HCP_ORD (Co, V)  and Sn3V2 
500 CoSn, HCP_ORD (Co, V) and Sn3V2 
600 CoSn,  SnV3,  ALTA_SIGMA (V, CO) 
700 SnV3, BCC_B2 (Co,V,Sn),  ALTA_SIGMA (V, Co) 
800 
Equilibrium line between two areas of (CoSn, BCC_B2 (Co,V,Sn)) and 
(ALTA_SIGMA (V, Co),  CoSn, BCC_B2 (Co,V,Sn)) 








Table 14 lists the different phases at the centre of the phase diagram, i.e., the equal atomic 
concentration of the elements, over 100-degree temperature steps from 25 to 1100 °C. These 
diagrams further confirm that at thermodynamic equilibrium, the material decomposes into multiple 
phases, as listed in the Table 14, which agrees with the observation in the microstructural analysis 
(Figure 75, Figure 76).  
As shown in Table 14, there is no single phase of CoVSn, but there are mainly binary compounds 
of CoSn, SnV3, Co3V, and Sn2V3. Our observation of the multiphase structure, containing three 
binary intermetallics, contradicts previous studies [438, 443]. In the theoretical analysis of this 
composition (1: 1: 1) [438], the calculated phase diagram showed a specific area for the stable 
CoVSn compound, although the presence of this single-phase alloy was not experimentally 
confirmed. Therefore, the CoVSn compound can be regarded as having a heterostructural 
composition.  
The following section experimentally reports the potential mechanisms by which the graphene 
addition may modify the thermoelectric, microstructure and mechanical properties of the 
heterostructure CoVSn composition. Here the associated impacts of graphene nanoplates (GNPs) 
within participation in the CoVSn microstructure are analysed and represented.    
The segregation of GNPs at GBs is shown in Figure 79, presenting the range of the average crystal 
size of CoVSn-GNPs heterostructure compounds estimated from the XRD analysis. The GNP 
addition has resulted in smaller crystallites, which are saturated at approximately 15-18 nm. The 
segregation of GNPs at the grain boundaries, creating new microstructural interfaces and providing 
900 
Equilibrium line between two areas of (CoSn, BCC_B2 (Co,V,Sn)) and 
(LIQUID,  CoSn, BCC_B2 (Co,V,Sn)) 
1000 LIQUID, BCC_B2 (Co,V,Sn) 
1100 LIQUID 
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extra boundaries, influenced the thermoelectric properties (Figure 80). The reduction of thermal 
conductivity is clearly illustrated in Figure 80a. Phonon scattering against the microstructural 
boundaries (grain/crystal boundaries and GNP distribution as a second phase) can be regarded as a 
reason for reducing the thermal conductivities. Based on the results, the primary reduction occurred 
at a lower temperature due to the main impact of phonon scattering with a longer wavelength (low 
frequencies) against the grain boundaries [45].  
 





Figure 79: a) GNP segregation at the Grain/particle boundaries, and b) Average crystal size of 
CoVSn heterostructure composition[306].  
Figure 80b shows the electrical conductivities of the samples after reinforcing with GNPs, which 
are in the range of conductive compounds. Moreover, Figure 80c illustrates the negative Seebeck 
coefficients for the samples to confirm the presence of electrons as the majority carriers. However, 
for the compounds with more than 0.5 wt.% GNPs, there is a disruption in the improvement of the 
TE characteristics. This can be attributed to a lack of uniform GNP dispersion in the matrix and 
formation of the agglomerated GNPs regions, as shown in Figure 81, which is also reported for 
other nanocomposites  [319, 444]. 
 
b a 















Figure 81: Backscattered electron micrographs with respective X-ray maps illustrating the GNP 
agglomerations in the matrix of CoVSn- 1w.t.% GNPs nanocomposite[306]. 
 
Moreover, the microstructural analysis revealed multiphase microconstituents for the CoVSn-GNPs 
(e.g., CoVSn-1 wt.% GNPs-Figure 82), similar to the pristine CoVSn sample, as abovementioned 
and discussed in [378].   
Figure 82 shows the elemental dispersion via x-ray mapping. It can be seen that the distributions of 
the main three elements, Co, V, and Sn, are not uniform, which confirms the presence of a 
multiphase microstructure. Comparison with the multiphase microstructure of the pristine CoVSn 
shows that the incorporation of GNPs does not influence the formation of the constituent phases in 
the microstructure. 
 







Figure 82: Backscattered electron micrograph along with X-ray maps showing the formation of 






Figure 83: a) Vickers’ hardness indication, b) Hardness measurement results of CoVSn-GNPs 
compounds. 
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Figure 83 illustrates the hardness measurement results of the studied heterostructure compositions 
after reinforcement with the GNPs. The average hardness of the samples containing GNPs is higher 
than for the pristine sample. This result can be explained by considering the presence of the GNPs 
as a second phase in the matrix and the smaller average crystal size: leading to extra microstructural 
barriers (Hall-Petch effect [336]). In this regard, the dispersion of GNPs in the matrix is expected 
to hinder dislocation movements [445] and, consequently, strengthen the GNP-reinforced CoVSn 
heterostructure composition. It appears that the optimum concentration of GNPs to achieve the 
highest hardness is about 0.5%, and the further addition of GNPs reduces the hardness. Such an 
outcome may be attributed to the GNPs’ distribution. A higher GNP concentration results in their 






Crack length  





Figure 84: Crack length measurement to calculate the fracture toughness of the CoVSn-GNPs for 
a) CoVSn, b) CoVSn-0.25 wt.% GNPs, c) CoVSn-0.5 wt.% GNPs, d) CoVSn-0.75 wt.% GNPs, and 
e) CoVSn-1 wt.% GNPs, f) Fracture toughness calculations[306].  




  [431-433]. Here 𝐻, 𝑃 and 𝑙 are the hardness, applied load of indentation, and 
indentation crack length, respectively. The average of the radial crack length was calculated from 
five indentations measured for each specimen (Figure 84). The calculations exhibit higher fracture 
toughness values for the samples containing 0.5 wt.% GNPs (Figure 84f). However, the other 
samples have a fracture toughness at a similar range.  The fracture toughness is affected by the 
average intercept of grain, in which, by crossing the crack through the boundary between two 
grains/crystal, it must turn/change direction to bring itself into line with the cleavage plane of the 
next grain/crystal [446-449]. Therefore, more turns of the crack requires more energy for crack 
propagation [446-449]. Consequently, the compositions owning small grains/crystal sizes can 
absorb more loading energy before crack propagation [446-449]. This is observed for the CoVSn-
0.5 wt.% GNPs. As shown in Figure 79b, the measured samples reinforced with 0.5 wt.% GNPs 
have the smallest crystal sizes and thus a higher density of microstructural boundaries to enhance 
the fracture toughness, as reported in Figure 84f.  
e f 











CHAPTER SEVEN  
RESULTS AND DISCUSSION- CuSbTe2- xGNPs (x: 0, 0.25, 0.5, 
0.75, and 1 wt.%) 
This section of the project analyses the thermoelectric, mechanical, and microstructural 
characteristics of CuSbTe2 composition, reinforced with the Graphene nanoplates (GNPs) in various 
weight percents (wt.%) of 0, 0.25, 0.5, 0.75, and 1.    
Until man duplicates a blade of grass, nature 
can laugh at his so-called scientific 
knowledge. 
― Thomas Edison (1847 -1931) 
 





Figure 85a demonstrates the XRD diffraction peaks of CuSbTe2 composition, which exhibits an 
acceptable range in comparison with the reported research document [407,409]. 
 
Figure 85: XRD diffraction of CuSbTe2 fabricated by spark plasma sintering. 




At the first attempt, the thermoelectric factors of the bulk pristine samples (0 wt.% GNPs) were 
measured (see Figure 86). The results exhibited the positive Seebeck coefficients, which classify 
this compound as a P-type thermoelectric compound (Figure 86a). The change in the electrical 
conductivity versus temperature (Figure 86b) demonstrates a degenerated behaviour, since the 
electrical conductivity decreases by increasing the temperature [450]. Figure 86c presents thermal 
conductivity of CuSbTe2 composition. Due to the high electrical conductivity of CuSbTe2 
compositions, the electronic thermal conductivity (𝜅𝑒 =  𝐿𝜎𝑇, 𝐿: Lorenz number, 𝜎: electrical 
conductivity, and 𝑇: temperature) highly impact the total thermal conductivity (𝜅𝑡 = 𝜅𝑒+ 𝜅𝑙) 
(section 2.5).   
    
a 
b 




   
Figure 86: Temperature-dependent thermoelectric properties of CuSbTe2, a) Seebeck coefficients, 
b) electrical conductivity, c) thermal conductivity, and d) zT. 
 
In further steps, to evaluate the effects of graphene, the thermoelectric characteristics of the GNP-
reinforced CuSbTe2 compositions were evaluated based on the measured thermoelectric factors, as 










Figure 87: Temperature-dependent thermoelectric characteristics of the CuSbTe2-GNPs 
composites, CuSbTe2 (Black circle), CuSbTe2-0.25 wt.% GNPs (Red square), CuSbTe2-0.5 wt.% 
GNPs (Green diamond), CuSbTe2-0.75 wt.% GNPs (Blue pentagram), CuSbTe2-1wt.% GNPs 
(Orange cross). 
 
As shown in Figure 87a, the addition of GNPs did not provide a major impact on the Seebeck 
coefficients, in which the measured Seebeck coefficients of CuSbTe2-GNPs composites – with  
GNP concentrations from 0 to 1 wt.% – are  at the same range. Also, all the measured Seebeck 
coefficients of the composites are positive as p-type semiconductors.  However, there is a reduction 
in both electrical and thermal conductivities with increasing GNP concentrations. Due to the high 
electrical conductivity (Figure 87b) of CuSbTe2 composition, the electronic part of the thermal 
conductivity (𝜅𝑒 =  𝐿𝜎𝑇, 𝐿: Lorenz number, 𝜎: electrical conductivity, and 𝑇: temperature) chiefly 
control the total thermal conductivity (𝜅𝑡 = 𝜅𝑒 + 𝜅𝑙).  This can be observed by comparing the 
behaviours of the electrical conductivities (Figure 87b) and total thermal conductivities (Figure 87c) 
of the CuSbTe2-GNPs composites versus temperature. Based on the results, the reduction trend in 
total thermal conductivity is the same as the electrical conductivity against the GNPs mixing ratios.    
  
c d 




In a further step, the microstructural analysis revealed a reduction in grain (crystal) size with 
increasing GNP additions, see Figure 88.  This observation is attributable to the segregation of the 
Graphene at the boundaries, as illustrated in Figure 89.   
 
 
Figure 88: Crystal size of the CuSbTe2-GNP compounds. 
 
    
Graphene nanoplate precipitation at the grain/particle boundaries. 
 
Figure 89: Microscopic observation of the GNP-reinforced CuSbTe2 a) SEM micrograph showing 
some degree of segregation of GNP (shown by arrows), b) BSE micrograph showing preferential 
a b 
5 μm 5 μm 
c 




GNP segregation at the grain boundaries, and c) X-ray map of (b) to highlight the graphene 
segregation at the boundaries.  
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As demonstrated in Figure 88 and Figure 89, the precipitation of the graphene phases at the 
microstructural boundaries led to the reduction of the crystal sizes. This shows that graphene 
precipitation prevents particle/crystal growth during sintering. Therefore, the density of the 
microstructural boundaries (particle/crystal boundaries) as the main source of carrier scattering 
increased. The electrical characteristics of the samples confirm this conclusion, in which the 
carriers’ mobility is lower for the samples with smaller crystal sizes, as shown in Table 15. 
However, as the mixing ratio of GNPs increased, the evidence of agglomeration reduced the 




effectiveness of GNP in refining the structure. In this field, Figure 90 clearly exhibits the graphene 
agglomeration that violates the performance of the appropriate GNPs’ dispersion, and subsequent 
improvement of thermoelectric factors (Figure 87d). This behaviour by graphene nanofillers has 
been  also reported in other work [451].  
  
Figure 90: Scanning electron microscopy image a) agglomerated GNP, and b) X-ray point 
spectrum of the agglomerated GNPs. 
 








The effects of the GNPs on the mechanical characteristics were evaluated because their precipitation 
at the microstructure reduced the particle/crystal sizes due to the particle/crystal growth inhibition 
during the sintering process (Figure 88). A hardness measurement was implemented using Vickers’ 
hardness to assess the effects of the GNP reinforcement on the microstructure of the CuSbTe2-GNP 
composites (Figure 91). The results showed that the reinforcement of CuSbTe2 compositions by 
blending with GNPs enhanced the Vickers’ hardness. The reduction of the particle/crystal sizes (in 
accordance with the Hall-Petch criteria [331, 452]) via the presence of GNPs as a second phase at 
the microstructural boundaries improves the hardness values (Figure 88). Based on the Hall-Petch 
effect, the presence of more grain/crystal boundaries halts the dislocation movements (i.e., piles up 

























































In response to the greenhouse gas emissions associated with worldwide energy generation, 
thermoelectric compounds offer economic and environmental benefits through emission-free 
conversion of the waste heat (thermal gradients) into electrical energy. While most efforts have 
been focused on the design and optimization of novel thermoelectric products, solutions for 
simultaneous enhancement of their mechanical stabilities, when the compounds experience cycled 
thermomechanical stresses in service operation, have taken less attention. To respond to the need 
for improving the thermoelectric and mechanical characteristics, the overall aim of this project is 
evaluating the graphene reinforcement (graphene nanoplates-GNPs), applied to the thermoelectric 
products. It is well established that graphene reinforcement and its segregation at the 
particle/grain/crystal boundaries leads to a grain size reduction in thermoelectric compositions 
(MnTe, CoVSn, and CuSbTe2), when compared with a pristine matrix, by preventing welding or 
particle/grain/crystal growth during milling and sintering, respectively. Moreover, the segregation 
of GNPs at the grain boundaries – creating new microstructural interfaces – and providing extra 
boundaries influences the thermoelectric properties.  Therefore, these extra boundaries due to 
smaller particle/grain/crystal sizes, caused by graphene segregation and particle/grain/crystal 
The love for all living creatures is the most 
noble attribute of man. 
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growth blocking, and graphene-matrix interfaces provide an energy filtering effect for the charge 
carriers (electrons or holes). The consequence of energy filtering is the strong scattering of the low 
energy carriers, leading to a reduction in the electrical conductivity and simultaneously increasing 
the Seebeck coefficients. Furthermore, a reduction in thermal conductivity is clearly observed. 
Phonon scattering against the microstructural boundaries (particle/crystal boundaries and GNP 
distribution as a second phase) is regarded as a reason for reducing the thermal conductivities. The 
hardness measurement results of the studied compositions (MnTe, CoVSn, and CuSbTe2) after 
reinforcement with the GNPs showed that the average hardness of the samples containing GNPs is 
higher than that of the pristine samples. This result is explained by considering the presence of the 
GNPs as a second phase in the matrix and smaller average particle/grain/crystal sizes – extra 
microstructural barriers (the Hall-Petch effect). In this regard, the dispersion of GNPs in the matrix 
is expected to hinder dislocation movements and, consequently, strengthen the GNP-reinforced 
compositions.  
However, since the effects of GNP reinforcement are different for the studied thermoelectric 
compounds, the following sections summarize the observed impact of the GNPs on the nominated 
TEs.  
8.1 Summarized results  
8.1.1 MnTe-GNPs 
The XRD pattern for the synthesized MnTe compound showed the majority of the diffraction peaks, 
which can be well indexed with NiAs-type crystal structure, to be in good accordance with the 
literature. Magnetic characterization of the MnTe and MnTe-GNP compounds indicates that the 
Néel temperature (TN≅307K) remains almost unaffected by GNP reinforcement. The pristine MnTe 
shows a ferromagnetic (FM) phase over a temperature range of 0-50K. The associated magnetic 
moment is smaller in the samples with more reinforcing GNPs. Therefore, this reduction must be 
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attributed to the dispersion of GNP in the MnTe matrix. The magnetic susceptibility exhibits a Curie 
temperature at the interval of 40-50 K. This observation indicates the probable existence of Mn3O4, 
since its Curie temperature is around 43 K. Moreover, the XRD spectra results have a minor peak 
(2=49.2o), which disappears after increasing the GNPs’ reinforcing ratios. All GNP-reinforced 
MnTe samples, except the MnTe- 0.25 wt.% GNP, also demonstrate XRD peaks at about 2=40.7o 
and 2=56.6o, related to the Mn23C6 phase.  The disappearance of the Mn3O4 XRD lines in the 
GNP-reinforced MnTe compounds and the emergence of the Mn23C6 lines suggest a chemical 
reaction is taking place between the bulk material and the GNPs. The comparison of the formation 
energies for Mn3O4 and Mn23C6 confirms that Mn23C6 is chemically more stable than Mn3O4. 
Since Mn23C6 is energetically more favourable, it is highly possible that in a thermally-activated 
reaction, GNP reduces Mn3O4 to make Mn23C6, as proved by the vanishing of Mn3O4 lines in the 
XRD data. Consequently, the thermoelectric factors (𝑆, 𝜎, 𝜅, and 𝑧𝑇) and mechanical properties of 
the GNPs-reinforced samples were evaluated and analysed. Nearly 33% improvement was observed 
in the fracture toughness (𝐾𝐼𝐶) of MnTe reinforced with 0.25 wt.% GNPs, compared with the 
pristine MnTe samples. The results also identified an improved modification in the thermoelectric 
features, mainly in the Seebeck coefficients (27% increase) and thermal conductivity (34% 
decrease) for the samples mixed with 0.25 wt.% GNPs, in comparison with the pristine MnTe 
samples at a temperature of 600K.   
8.1.2 CoVSn-GNPs 
The XRD patterns of the SPS-consolidated CoVSn bulk sample disclosed the presence of three 
binary intermetallics, including SnV3, Co2Sn, and Co3V. Therefore, the synthesized compound is 
demonstrated to be a multi-phase compound. Furthermore, the BSE image and the EDS maps of the 
microstructure exhibited a heterogeneous texture, which confirms the observations from the XRD 
results. The non-uniform dispersion of the elements of Co, V, and Sn evidences the existence of a 
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multiphase structure with various micro-clusters. The thermoelectric factors of 𝑆, 𝜎, 𝜅, and 𝑧𝑇 for 
the synthesized compound were measured at a temperature range of 300 to 825 K. The Seebeck 
coefficient is negative, indicating an n-type semiconductor. This is in contrast with the theoretical 
prediction that the CoVSn compound should be a p-type semiconductor. The physical 
characteristics of the Heusler-based compounds are generally highly related to the crystallographic 
order. The observed multiphase structure combines metallic and semiconductor characteristics due 
to the presence of intermetallics, such as SnV3, Co2Sn, and Co3V. Hence, the carrier type of the 
composition cannot be assigned to the single-phase half-Heusler CoVSn compound. It is instructive 
to look at the thermodynamics of the ternary phase diagram of CoVSn. Therefore, the ternary phase 
diagrams of the Co-V-Sn were calculated over the temperatures range of interest: 25 °C and 1200 
°C. The Thermo-Calc 2016a package was used for this calculation. The diagrams further confirm 
that at thermodynamic equilibrium, the material decomposes into multiple phases, which agrees 
with the observation in the microstructural analysis. In fact, according to the ternary phase diagrams 
of Co-V-Sn compositions, there is no single phase of CoVSn, but there are mainly binary 
compounds of CoSn, SnV3, Co3V, and Sn2V3.  Therefore, the CoVSn compound can be regarded as 
a heterostructural composition.  
Consequently, the potential mechanisms were evaluated by which the graphene addition may 
modify the thermoelectric, microstructural and mechanical properties of the heterostructural CoVSn 
composition. Here, the associated impacts of graphene nanoplates (GNPs) within participation in 
the CoVSn microstructure are analysed and represented.    
The segregation of GNPs at GBs presents the range of the average crystal size of CoVSn-GNPs 
heterostructural compounds estimated from the XRD analysis, in which the GNP addition has 
resulted in smaller crystallites, which are saturated at approximately 15-18 nm. The segregation of 
GNPs at the grain boundaries, creating new microstructural interfaces and providing extra 
boundaries, influenced the thermoelectric properties. The reduction in thermal conductivity is 
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clearly observed. Phonon scattering against the microstructural boundaries (particle/crystal 
boundaries and GNP distribution as a second phase) can be regarded as a reason for reducing the 
thermal conductivities. Based on the results, the primary reduction occurred at a lower temperature 
due to the main impact of phonon scattering with a longer wavelength (low frequencies) against the 
grain boundaries.  The electrical conductivities results showed that the samples, after reinforcement 
with GNPs, are in the range of conductive compounds. Moreover, the Seebeck measurement 
illustrated the negative Seebeck coefficients for the samples to confirm the presence of electrons as 
the majority carriers. However, for the compounds with more than 0.5 wt.% GNPs, there is a 
disruption in the improvement of the TE characteristics. This can be attributed to a lack of uniform 
GNP dispersion in the matrix and formation of the agglomerated GNP regions. 
Moreover, the microstructural analysis revealed multiphase microconstituents for the CoVSn-GNPs 
(e.g., CoVSn-1 wt.% GNPs), is similar to the pristine CoVSn sample.  The results showed that the 
distributions of the main three elements, Co, V, and Sn, are not uniform, which confirms the 
presence of a multiphase microstructure. The comparison with the multiphase microstructure of the 
pristine CoVSn shows that the incorporation of GNPs does not influence the formation of the 
constituent phases in the microstructure. 
The hardness measurement results of the studied heterostructure compositions after reinforcement 
with the GNPs showed that the average hardness of the samples containing GNPs is higher than for 
the pristine sample. This result can be explained by considering the presence of the GNPs as a 
second phase in the matrix and the smaller average crystal size – extra microstructural barriers (the 
Hall-Petch effect). In this regard, the dispersion of GNPs in the matrix is expected to hinder 
dislocation movements and, consequently, strengthen the GNP-reinforced CoVSn heterostructure 
composition. It appears that the optimum concentration of GNPs to achieve the highest hardness is 
about 0.5% (735 HV), and the further addition of GNPs reduces the hardness. Such an outcome 
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may be attributed to the GNPs’ distribution. A higher GNP concentration results in their 
agglomeration and thus reduces the hardness in the samples reinforced with GNPs above 0.5 wt.%.  
8.1.3 CuSbTe2-GNPs 
The XRD diffraction peaks of CuSbTe2 alloy exhibited a good agreement with the research 
document to confirm the successful synthesis of the composition. At the first stage, the 
thermoelectric factors of the bulk pristine samples (0 wt. % GNPs) were measured. The results 
exhibited the positive Seebeck coefficients, which classify this compound as a p-type thermoelectric 
composition. The change in the electrical conductivity versus temperature demonstrates a 
degenerated behaviour, since the electrical conductivity decreases by increasing the temperature.  
The addition of GNPs did not provide a major impact on the Seebeck coefficients, as the measured 
Seebeck coefficients of the composites are at the same range. Also, all the measured Seebeck 
coefficients of the composites are positive as p-type semiconductors.  However, there is a reduction 
in both electrical and thermal conductivities with increasing GNP concentrations. Due to the high 
electrical conductivity of CuSbTe2 compositions, the electronic thermal conductivity (𝜅𝑒 =  𝐿𝜎𝑇, 𝐿: 
Lorenz number, 𝜎: electrical conductivity, and 𝑇: temperature) highly impact the total thermal 
conductivity (𝜅𝑡= 𝜅𝑒+ 𝜅𝑙).  This can be observed by comparing the behaviours of the electrical 
conductivities and total thermal conductivities versus the temperature and GNP concentration. 
Based on the results, the reduction trend in the total thermal conductivity is the same as for the 
electrical thermal conductivity results based on the GNPs’ mixing ratios.    
In a further step, the microstructural analysis revealed a reduction in grain (crystal) size with 
increasing GNP addition.  This observation is attributable to the segregation of the Graphene at the 
boundaries.  The precipitation of the graphene phases at the microstructural boundaries led to the 
reduction of the crystal sizes. This shows that graphene precipitation prevents grain/crystal growth 
during sintering. Therefore, the density of microstructural boundaries (grain/crystal boundaries) as 
the main source of carrier scattering increased. The electrical characteristics of the samples confirms 
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this statement, in which the carriers’ mobility is lower for the samples with smaller crystal sizes. 
However, as the mixing ratio of GNPs increased, the evidence of agglomeration reduced the 
effectiveness of the GNP in refining the structure. The graphene agglomeration violates the 
performance of the appropriate GNPs’ dispersion, and subsequent improvement of thermoelectric 
factors. The effects of the GNPs’ precipitation at the microstructure and hence reduction in crystal 
sizes were evaluated in terms of the mechanical characteristics. A hardness measurement was 
implemented using Vickers’ hardness to assess the effects of the GNP reinforcement on the 
microstructure of the CuSbTe2-GNP composites. The results showed that the reinforcement of 
CuSbTe2 compositions by blending with GNPs enhanced the Vickers’ hardness. The reduction of 
the crystal sizes (in accordance with the Hall-Petch criteria) and presence of GNPs as a second 
phase improves the hardness values. Based on the Hall-Petch effect, the presence of more 
grain/crystal boundaries halts the dislocation movements (i.e., piles up the dislocations) and they 
cannot follow their way through the next grains/crystals.  
8.2 Future Works 
Since this project has added significant knowledge to the open scientific database, it is clear that 
new gaps and future engineering research directions have been created. The future works of this 
group, based on the current PhD work, are classified as follows: 
1) Evaluation of the effects of Graphene products on the stability of the thermoelectric 
compounds used for subzero thermoelectric cooling (TEC) systems.  
2) Assessment of the physics of CuSbTe2 based on Density Functional Theory (i.e., 𝑎𝑏 𝑖𝑛𝑖𝑡𝑖𝑜 
calculations). According to the observed behaviour for CuSbTe2, there is a degree of 
complexity in its electronic structure and dominant scattering mechanisms, which highlights 
a need for an extra analysis of its physics (e.g., 𝑎𝑏 𝑖𝑛𝑖𝑡𝑖𝑜 calculations).  
3) Application of other sintering processes such as microwave could be interesting to highlight 
if the sintering process is of any importance. 
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A B S T R A C T
Thermoelectric generators, which can convert waste heat directly into electricity, are promising candidates for
capturing low-grade heat and enhancing the efficiency of the heat engines. This would lead to decreasing the
fossil fuel usage and greenhouse gas emission. Many Heusler compounds have been studied for thermoelectric
application due to their desired characteristics such as sizeable thermoelectric power factor, non-toxicity, and
high stability over a wide temperature range. The primary restriction for Heusler thermoelectric materials has
been their high lattice thermal conductivity, which reduces their thermoelectric figure of merit. Several stra-
tegies have been carried out to ameliorate this restriction by engineering the phonon transport properties. This
article discusses several approaches such as bulk nanostructuring, the creation of point defects and vacancies,
impurity doping, and multiphase engineering of the material structure for reducing the thermal conductivity of
the Heusler compounds. The effectiveness of each of these methods depends on temperature; hence, the working
temperature must be taken into account when designing the material structure and the composition to achieve
the optimum performance for practical applications.
1. Introduction
Climate change as a result of global warming may be traced back to
human activities, industrial processes, and greenhouse gas emission
[1,2]. In this field, the application of renewable energy and the prac-
tical use of waste heat are very appealing fields of study [3–6]. Ap-
parently, the trend is encouraging as based on the report of “interna-
tional energy agency, world energy outlook 2017″, there has been a
rapid deployment of clean energy technologies and an indirect falling
costs [7]. One of the available techniques towards improving energy
efficiency is to endeavor to convert the wasted thermal energy back into
more useful energy such as electricity. Thermoelectric generators
(TEGs), capable of converting waste heat directly into electricity, have
already attracted worldwide attention as evidenced by the expansion of
research activities on thermoelectric materials and manufacturing of TE
modules and systems. Waste heat recovery is an environmentally
friendly method which not only reduces the consumption of fossil fuels
for energy production but also decreases waste heat emissions [8–11].
For thermoelectric materials, the dimensionless figure of merit (zT)







where S is the Seebeck coefficient (VK−1), σ is the electrical con-
ductivity (Ω−1m−1), T is temperature (K), κe and κl are the electronic
and the lattice thermal conductivities (Wm−1K−1), respectively
[12,13]. With the advances in new thermoelectric materials, the ther-
moelectric technology is growing to find new market space for power
generation, cooling, or detection and imaging applications [14–17].
Consequently, new types of thermoelectric devices and fabrication
techniques are also being developed [18,19]. High-performance ther-
moelectric materials have been promoted following new designs such as
the reduction of the thermal conductivity by using larger phonon
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scattering via nanostructuring [20,21] and nano-inclusions [22–24] as
well as the increase of the power factor by designing complex structures
[25–29], creating of resonant energy levels close to the band edges
[30], using low dimensional structures [31–33], and via carrier filtering
[34–36]. New materials based on bulk heterostructures, or nano-
composites, have especially taken considerations because of their sim-
plicity of manufacture and similarity with the current type of the
thermoelectric devices. Even though nanostructuring techniques have
turned out to be gainful in numerous material frameworks because of
the inherent spectral discrepancies of the electron and phonon transport
parameters [37], these strategies are also linked to the degradation of
the charge carrier mobility or have less efficiency at high working
temperatures. Therefore, in a few materials, they have resulted in a
significant decrease in the power factor prompting little or no en-
hancement of the figure-of-merit [20,38,39].
In this regard, Heusler alloys have a simple lattice structure and as
such phonon characteristics compared to those of the caged structures
like Skutterudites [40–42] and Clathrates [43–45]. Therefore, they
generally have higher thermal conductivity while also a more sub-
stantial thermoelectric power factor. Therefore, methods for reducing
the thermal conduction in Heusler based alloys are highly desired.
Concerning material selection, it is desired to find compounds con-
taining nontoxic and eco-friendly elements with no or little rare earth
components, which are sustainable in harsh condition and at high
temperature In this field, the Heusler compounds have attracted much
attention due to their particular characteristics as non-toxic materials
with magnetic or semiconducting behavior and also remarkable stabi-
lity at various temperature intervals [46,47].
These compounds are divided into full- and half-Heusler types
which are based on ternary intermetallic materials [48–53] with the
stoichiometric composition of X2YZ and XYZ, respectively [12,54]. The
full-Heusler alloys (X2YZ) have an L21 structure with fcc lattice unit
cells containing four atoms as X at (1/4,1/4,1/4) and (3/4,3/4,3/4), Y
at (1/2,1/2,1/2) and Z at (0,0,0) in Wyckoff coordinates, and their
corresponding space group is Fm-3m (No. 225) [12,54]. Also, the half-
Heusler alloys have a C1b structure with the absence of one of the X
sub-lattices, and the corresponding space group of F-43m (No. 216)
[12,54].
In the mentioned compositions, generally, X is filled with a high
valence transition element, Y is substituted with a lower valence tran-
sition metal atom, and finally, Z is an element in the III–V columns of
the periodic table with s-p type valence electrons [12,54].
Fig. 1 shows the atomic arrangements for the full-Heusler and half-
Heusler alloys and the elements, which have been carried out in these
compounds.
Traditionally, high thermal conductivity (κ= κe+ κl) has been the
main drawback of the Heusler TE alloys. The dominant part of this
thermal conductivity is κl due to lattice vibration which is represented
by phonons [58,59]. Generally, phonons are described in quantum
mechanics as a unit of vibrational energy that arises from oscillating
atoms within a crystal lattice, which can have different frequencies, and
are responsible for transferring the thermal energy. There are two types
of phonons to carry thermal energy within solids, (i) acoustic phonons
which are representing the coherent displacement of atoms in parallel
(longitudinal) or perpendicular (transverse) to the propagation and (ii)
optical phonons, corresponding to the incoherent motion of the two
neighboring atoms in the opposite direction.
Fig. 2.b shows the schematic optical and acoustic components of
phonon energies based on the dispersion of two atoms with masses of
m1 and m2 (equation (2)) [60].
m m m m
sin qa
m m
1 1 1 1 42
1 2 1 2
2 2
1 2
= + ± +
(2)
Here ω is the frequency, a the lattice constant, q the phonon wave
vector, and β a constant related to the atomic bonds.
As depicted in Fig. 2.a, in the acoustic branches, including long-
itudinal (LA) and transverse (TA) modes, the group velocities of all the
acoustic branches, Vgj= dωj/dq (j= LA, TA), are higher than that of
the longitudinal optical (LO) and transverse optical (TO) modes with
their velocity being nearly zero at q≈0. The transverse mode makes
either a doubly degenerate or two separate branches. In each classifi-
cation, the transverse modes have lower group velocity than the long-
itudinal ones due to the higher frequency of the longitudinal modes at a
specific wave vector. In other words, the longitudinal branches gen-
erally carry more energies in comparison to the transverse branches
with the same momentum.
In a solid, if A represents the number of atoms in a unit cell, the
outcome will be 3A phonon branches, in which, three branches are
acoustic, and the rest are optical. Also, Table 1 shows the classification
of acoustic and optical branches as longitudinal and transverse with
their counts [61].
Moreover, both the acoustic and optical components of phonon
energy propagate transversally and longitudinally within the crystalline
solids as schematically illustrated in Fig. 2.b. In respect to the appli-
cation temperature range, the transverse acoustic (TA) (Fig. 2b) bran-
ches have low frequency and are characteristics of low temperature
while the longitudinal acoustic (LA) (Fig. 2b) types have higher fre-
quencies and are dominant at high temperature.
It is worth noting that a higher number of atoms (A) in a unit cell
can be a recipe for obtaining lower thermal conductivity. Because,
when the number of optical components of the phonon energy in-
creases, the absorbed energy can be transferred less by the acoustic
branches. In this case, more energy is attributed to the optical branches,
which have a negligible contribution to heat transfer ascribed to their
low group velocity. Moreover, due to the limited phonon frequency
(∼10 THz), by increasing the optical branches, the acoustic phonon
frequency declines as the acoustic branches transfer only a partial
amount of energy in the crystal. This fact influences the lattice thermal
conductivity mostly at high temperature in which the high-frequency
phonons are the majority of heat carriers [61].
To reduce thermal conductivity, one needs to somehow obstruct the
phonon transport [62,63] with appropriate strategies. The choice of
phonon scattering approach is based on the application temperature
range, which may include strategies such as nanostructuring [62–66],
impurity/vacancy doping [67] and designing a multiphase matrix [12].
Consequently, a comprehensive understanding of the phonon scattering
mechanisms is required for optimum engineering of the material
structure. The following section discusses the central phonon scattering
mechanisms useful for the Heusler TEs.
2. Thermal conductivity of heusler compounds
The lattice thermal conductivity in the isotropic Debye approx-
imation can be described based on Holland's model [68]:
























Here x k T/ B= is a dimensionless parameter, kB is the Boltzmann
constant, h is the Plank's constant (ћ=h/2π), θj and vgj are the Debye
temperature and the group velocity for the corresponding phonon
modes, respectively, T states the absolute temperature, ω is the phonon
frequency, and τcj shows the total scattering relaxation time for the
corresponding phonon branch.
Parameters j x x, , ,j j1 2 and x j3 are defined in Table 2.
1 corresponds to q /2max where the transverse branch becomes al-
most flat (Fig. 2a). This is the frequency where umklapp processes are
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supposed to start. 2 and 3 are the zone-boundary frequencies for the
transverse and longitudinal phonons, respectively.
This model reduces to the Callaway's model [69,70] if the long-
itudinal phonons dominate the thermal conduction. Callaway's form-
alism makes no distinction between transverse and longitudinal phonon
modes and the sum over phonon polarization is set equal to three, and
an average phonon velocity is used everywhere. Therefore, the Call-
away model becomes less accurate when the temperature increases.
Holland's model, also, although not being as accurate as the first prin-
ciple methods, enables obtaining detailed information about the effect
of different phonon scattering mechanisms on lattice thermal con-
ductivity in a convenient way. There are several main contributing
scattering sources within solid structures incorporated in the phonon
scattering relaxation time. Table 3 lists the summary of the main
phonon scattering mechanisms and the corresponding relaxation times
including, grain boundary phonon scattering, impurity-phonon mass
fluctuation scattering, point defect (alloy) scattering, three-phonon
scattering due to the normal (N) and umklapp (U) processes, and
electron-phonon scattering.
Fig. 1. (a) full-Heusler crystal structures and (b) half-Heusler, (c) specific elements in the Heusler alloys (adapted from Refs. [55–57]).
Fig. 2. Schematic acoustic and optical phonon branches for a diatomic lattice.
Table 1
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Here M is the total average mass for the alloy, is the Grüneisen
constant (or the anharmonicity parameter), a is the atomic size de-
termined by the cubic root of the atomic volume, and is the ratio of
the normal three phonon-scattering rate to the umklapp three-phonon-
scattering rate, which is assumed temperature-independent. Electron-
phonon relaxation time e ph, is given by Ziman [74,75] in which vs is
the sound velocity, kB is the Boltzmann constant, Ea is the deformation
potential, md is the density-of-states effective mass, ρ is the mass den-
sity, and EF is the Fermi energy. yi, Mi, and aiin the relaxation time due
to point defects are the fractional concentration, mass, and atomic size
of each element in the alloy respectively, where M f Mi i i= and
a f ai i i= . s determines the contribution of strain disorder to point
defect scattering of phonons. If the lattice constants of the elements in
the compound do not differ largely, the effect of strain is small com-
pared with the mass fluctuation. The phonon relaxation time due to
scattering by impurity atoms is calculated based on a single atomic site,
in which fi is the fractional concentration of the impurity atom i, and Mi
is its mass. Due to the substitutional replacement of the host atoms by
impurities, the doping-phonon scattering in Heusler alloys can happen
via both the mass fluctuating and atomic interaction. Therefore, it
follows a similar trend as that of the point defects.
Grain boundaries can introduce three different types of scattering of
phonons: (1) regular reflection and refraction Ref ,(2) diffusive scattering
due to the corrugation of the GB, Diff , and (3) Rayleigh scattering, Ray
[76,77]. Diffusive scattering is related to the physical defects at the GB,
such as vacancy. Rayleigh scattering arises from the mass and bond
stiffness differences between the host alloy and the spherical grains
such as precipitated regions of impurities. The mean free path due to
regular reflection and refraction is approximately constant as listed in
the table. Here GBis the mean distance of the GBs, and is the dif-
ference of refraction indices of the elastic waves in different grains. This
can arise, for example, due to the different orientation of the crystal in
the adjacent grains. If the crystal orientation is slightly rotated by an
angle , one can estimate . If the GB region is much smaller than
the wavelengths of the excited phonons, the diffusive scattering re-
laxation time changes with 2. The phonon relaxation time with
respect to such a diffusive scattering is shown in Table 3, in which is a
parameter that characterizes the degree of the corrugation of the GB
(typically 1< <10). For the case of Rayleigh scattering, in which
is some constant dependent on the details of the grain boundary char-
acteristics, the approximation is valid for low frequency phonons. At
high frequencies the exponent of ω decreases and eventually at very
high frequencies, the scattering is almost frequency-independent and is
in the same form as that of the regular reflections and refractions at the
GBs [76,77].
Once all the different relaxation times are calculated, the total re-
laxation time of phonons c can be given by Matthiessen's rule [78] as
follows:
1 1 1 1 1 1 1 1 1
c U N e ph pd i ph Ref Diff Ray
= + + + + + + +
(5)
However, the strength and effectiveness of each scattering me-
chanism is temperature dependent. At low temperature and low fre-
quency, grain boundary phonon scattering is often ruling, and at a
sufficiently high temperature and high phonon frequency, the Umklapp
scattering of phonon by other phonons becomes dominant. At the in-
termediate temperature and frequency (between the two limits) elec-
tron-phonon and point defect scattering, e.g., by dopants, vacancies,
and alloy element substitution can become important (Fig. 3). There-
fore, the working temperature must be considered when engineering
the structure for optimum performance from the scattering resources.
3. Scattering mechanisms
To reduce the thermal conductivity of Heusler TE alloys, one may
engineer various sources of the phonon scattering such as grain
boundaries or inter-phase boundaries (interface), interstitial or sub-
stitutional atoms, impurities, point defects (e.g., substitutional, va-
cancies) and precipitates [48]. Over approximately the last ten years,
many of these techniques have been successfully implemented. Table 4
shows a range of Heusler compounds synthesized and the executed
phonon scattering mechanisms within the working temperature range.
The success of producing appropriate sample is dependent on the pro-
cess parameters such as time, temperature, dopant and the degree of
porosity. As represented in this table, the mass fluctuating is a practical
method of phonon scattering, which has been employed in various al-
loys such as Yb13.82Pr0.18Mn1.01Sb10.99 La2.2Ca0.78Te4 and
Ti0.5Zr0.5NiSn0.994Sb0.006 leading to zT values of 1.2, 1.2 and 1, re-
spectively.
Table 2
Parameters used in equations (3) and (4).
Parameters Values
j T0 TU L
x j1 0 k/ B1 0
x j2 k/ B1 k/ B2 k/ B3
Table 3
Phonon scattering relaxation time [71–73].
Scattering Strategies Parameters and relations
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3.1. Grain boundaries scattering
Grain boundaries as phonon scatterers can be employed in de-
signing the TE materials. The correlation between phonon coherencies
and the mean free path, the wavelength, and grain size (characterized
length) have impacts on phonon dispersion. Thermal conductivity de-
creases when the effective phonon mean free path is greater than the
grain or crystal size [94]. Since phonon mean free path is a function on
the wavelength, and wavelength itself is dependent on temperature as
per Wien's displacement law (λmax.T= constant), grain boundaries can
be the significant scattering sources at low temperature [92,93].
For the Heusler TE alloys, nano-sized grains [47,63,64] and high-
density of grain boundaries have resulted in phonon scattering and
reduced the lattice thermal conductivity. For example, the reported
lattice thermal conductivity of the polycrystalline Zr0.5Hf0.5Co1-
xRhxSb0.99Sn0.01 was 3.7 Wm−1K−1 at 300 K in structures with grain
sizes of 80-175 nm. Mikami et al. [95] used spark plasma sintering to
synthesize Fe2VAl0.9Si0.1/Bi composites via incorporating different
amounts of Bi to yield a composite structure containing micrometer-
sized Bi grains and nanometer-sized Fe2VAl grains. The results showed
the inclusion of nanometer-sized microstructural constituents of
Fe2VAl0.9Si0.1 has reduced thermal conductivity [95].
Also, Katsuyama et al. [96] studied the effects of grain refining via
the milling process on the thermal conductivity of half-Heusler
ZrNiSn0.98Sb0.02 alloys. Fig. 4 illustrates the grain size reduction of this
alloy with increasing the milling time.
Table 5 compares the TE properties of different samples. As
represented in the table, the thermal conductivity lowers with the
milling time in the 3 and 5-h milled samples due to the grain refine-
ment, hence; a higher concentration of the grain boundaries.
It is noted that the sample milled for three hours has higher Seebeck
coefficient than the one milled for five hours resulting in a higher zT.
The grain refinement can lead to the formation of various defects such
as vacancies, antisites, dislocations, etc., some of which can introduce
charge carriers into the lattice [97–99]. The lower Seebeck coefficient
and higher electrical conductivity of the 5-h milled sample indicates a
higher carrier concentration, which can be the reason for the smaller
power factor if the carrier concentration is away from the optimum
value [97,100]. There is also a limit for the grain size below which the
carrier mobility is impaired more than the phonon transport, which can
lead to smaller zT [97,100].
In another study [101], the relation between the average grain size
and the lattice thermal conductivity was evaluated for TiNiSn1-xSbx
alloy as shown in Fig. 5.
In this study, the lattice thermal conductivities were characterized
against the average grain size in the temperature range up to 300 K. As
shown in Fig. 5, by decreasing the average grain diameters, the lattice
thermal conductivity decreased due to the interface phonon scattering.
It should be noted that the grain boundaries can also act as potential
obstacles to hinder the charge carrier transport and decrease electrical
conductivity [47]. In some materials, the effect is significant, that the
zT does not improve noticeably or even reduces [102,103].
Therefore, the decoupling of thermal and electrical conductivities is
desired. El-Asfoury et al. [104] used graphene to decouple the κ and σ
Fig. 3. Dominant modes of the phonon scattering versus temperature (adapted from Ref. [61]).
Table 4
List of Heusler TE compounds with dominant scattering sources and the corresponding temperature range.
Heusler TE Compound Engineering Strategy Effective Temperature Range (K) Scattering Mechanism ZT Max Ref.
ZrNiSn Y or Sb doping – Mass fluctuating 0.28 [58]
Ti0.3(ZrHf)0.69V0.01Ni0.9Pd0.1Sn0.99Sb0.01 Ti substitution at the Zr and Hf site 820 Mass fluctuating 0.92 [79]
Ti0.5(ZrHf)0.49Nb0.01Ni0.9 Pd0.1Sn0.98Sb0.02 Nb substitution at the IV metal site 900 Mass fluctuating 0.66 [80]
Mg2Si0.8Sn0.2 Sb doping 740 Mass fluctuating 0.95 [81]
Zr0.5Hf0.5Co0.4Rh0.6 Sb0.8Sn0.2 Variation of CoSb particle size range 775 Grain boundary scattering 0.18 [82]
Zr0.7Hf0.3NiSn Phase separation 350 Multi-phase interface scattering 0.007 [83]
ZrNiSn, (Zr0.5, Hf0.5)NiSn
Zr(Ni,Co0.2)Sn
Ni and/or Co antisites, structural vacancies 775 Mass fluctuating 0.03 [84]
Ti0.3Zr0.35Hf0.35Ni1.01Sn Phase separation 350–500 Multi-phase interface scattering 0.68 [85]
Cu12Sb3.39Te0.61S13 Te doping 623 Mass fluctuating 0.8 [86]
AgSbSe2 Sb deficiencies 300–610 Mass fluctuating 1 [87]
Yb13.82Pr0.18Mn1.01Sb10.99 (RE=Pr and Sm) doping 1275 Mass fluctuating 1.2 [88]
CoSbS Nickel doping 873 Mass fluctuating 0.5 [89]
La2.2Ca0.78Te4 Calcium doping 1273 Mass fluctuating 1.2 [90]
Bi2Te2.2Se0.8 Point defecting and Se
Content changing
473 Mass fluctuating 0.82 [91]
Ti0.25Hf0.75CoSb0.85Sn0.15 Phase separation 710 Multi-phase interface scattering 1.2 [92]
Zr0.25Hf0.25Ti0.5NiSn0.994Sb0.006 Nano-sized precipitates 500 Mass fluctuating 0.91 [93]
(Ti0.2,Zr0.8)Ni1.1Sn FH-nanoprecipitates and Ti, Zr point defects 870 Mass fluctuating 0.81 [65]
Ru2VAl0.25Ga0.75 Variation of Ga content 400 Mass fluctuating 0.006 [69]
Ti0.5Zr0.5NiSn0.994Sb0.006 HfO2 doping 500 Mass fluctuating 1 [47]
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of the Bi85Sb15 compound. In this work, graphene was incorporated in
the microstructure to decorate the grain boundaries and prevent crystal
growth. Also, the decrease in electrical conductivity was compensated
by increasing the carrier concentration (n) via the graphene doping
[104–106]. It is also noteworthy that high values of σ/κ and n/κl ratios
can be regarded as a measure to promote decoupling between thermal
and electrical conductivities and arriving at high zT values [104,107].
3.2. Mass fluctuation
Mass fluctuating can also promote the phonon scattering and lower
the lattice thermal conductivity [101,108,109]. The magnitude of the
mass difference at the interfaces is a crucial parameter in reducing the
thermal conductivity [61]. By increasing the temperature, the phonon's
wavelength decrease, and these short wavelengths can be scattered
more efficiently by mass fluctuation defects such as dislocations, im-
purities, vacancies and alloy atoms [67].
Also, the change in atomic mass impacts the group velocities. Based
on equation (6), by considering the sound speed in solids (Vs) as the
group velocity of phonons, via changing the density (ρ) and/or che-
mical bonding (E), the group velocity will be altered, as well.
V Es =
(6)
Therefore, by selecting the high atomic mass dopant/impurity ele-
ments and/or weak chemical bonds, the sound speed will reduce and
result in the reduction of thermal conductivity [62,66,67]. This issue
can be explained based on the spring-mass system (equation (7)).
F m a m d X dt K X( / )i i i i i i· 2 2= × = = × (7)
In this system, the phonons can be scattered based on the variation
in mass (mi) and/or spring constant (Ki), here representing the atomic
bonding. Therefore, atomic substitution/doping is an effective method
for modifying phonon transport similar to changing mi or Ki (Fig. 6).
The change in the mass and/or spring constant occurs due to the
presence of impurities or vacancies which can cause mass fluctuation
[67]. Moreover, the mass fluctuation can also lead to electric potential
disturbance; therefore, it can be employed for energy filtering of both
phonons and electrons. This can occur at the interfaces between two
different elements or structures. Chai et al. [65] investigated the in-
terfaces between full-Heusler and half Heusler phases to prevent the
low energy phonons from passing through the solid structure.
In this field, Berry et al. [110] investigated the effects of the mass
fluctuating strategy via modulation doping (dissolving) of half-metallic
MnNiSb in the TiNiSn alloy and forming a heavily doped
Ti1−xMnxNiSn1−xSbx phase. The results showed the enhancement of
the thermoelectric characteristics (Table 6) with a maximum zT value
of 0.63 in x=0.05, at 823 K.
Fig. 7 illustrates BSE images of the modulation doping systems with
various amounts of MnNiSb. Based on this image, the matrix was
mainly the pristine TiNiSn phase, containing the heavily doped
Ti1−xMnxNiSn1−xSbx with a random distribution. This change in mass
caused the fluctuation which led to phonon scattering and reduction of
thermal conductivities from about 6.35 to 5.65 WK−1m−1at 823 k
[110].
Furthermore, nanoinclusions, or nanograins, can provide some
barriers to prevent the low energy carriers from propagating through
the solid. Hence, both σ and κ will be modified which can generate
greater zT values depending on the effectiveness of the barrier on each
property [111].
Fig. 4. SEM illustration of grain size reduction due to the milling process in the consolidated samples, a) 0 h, b) 3 h, c) 5 h (ref. [96] with permission).
Table 5
Thermoelectric parameters of ZrNiSn alloy after doping with Sb and also refining under the milling process at a temperature of 573 K (adapted from Ref. [96]).
Alloy S (μVK−1) σ (Scm−1) PF (μWm−1K−2) κ (Wm−1K−1) zT
ZrNiSn −293 400 3500 7.3 0.25
ZrNiSn0.98Sb0.02
0 h milling
−55 2000 4900 6.7 0.42
ZrNiSn0.98Sb0.02
3 h milling
−180 1724 6700 5.75 0.67
ZrNiSn0.98Sb0.02
5 h milling
−75 1923 5400 5.7 0.55
Fig. 5. Relation between the grain size and the lattice thermal conductivity
(adapted from Ref. [101]).
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In another study, Maji et al. [84] observed the drastic descend of the
lattice thermal conductivity in Zr0.5Hf0.5Co1-xRhxSb0.99Sn0.01 half-
Heusler alloy via mass and strain fluctuation by Rh substitution at the Co
sites. The effect of Sb doping on thermoelectric characteristics of the full-
Heusler Fe2VAl alloy was evaluated [112]. The results showed that the
thermal conductivity remarkably decreased by the Sb substitution of the
Al atoms. In this case, the mass fluctuating occurred in the Fe2VAl1−xSbx
alloy was due to the large mass difference of Sb and the constituent
elements [112]. In another study [79], Zr, Hf, and Ti were utilized to
change the mass and strain field caused by their different masses and
atomic radii in the Tix(ZrHf)0.99−xV0.01Ni0.9Pd0.1Sn0.99Sb0.01 half-Heusler
alloy. Based on the results, the best thermoelectric properties achieved
were S=−206 μVK−1, σ=1408.5 Scm−1, κ=5.13Wm−1 K−1, and
finally, zT=0.92 at 820 K for xTi equals to 0.3.
As shown in Fig. 3, vacancies or voids can also provide mass fluctua-
tions. Vacancies can be regarded as weightless nano-sized impurities or
point defects which can scatter high-frequency phonons. Lee et al. [80]
illustrated the influences of the vacancies on thermal conductivity by
increasing the Nb concentration in Ti0.5(ZrHf)0.49NbxNi0.9Pd0.1Sn0.98Sb0.02,
which induced voids in NiSn phase. The sample showed a thermal con-
ductivity reduction from 6.20 to 5 WK−1m−1 with the highest zT of
0.66 at 900 k.
The electrical conductivity may be reduced substantially by the
addition of the alloying element in the Heusler TEs. The added elements
can interact with the Heusler alloy constituent elements either by dis-
solving (substitutionally or interstitially) in the matrix or forming the
second phase precipitates both of which impacting the electrical con-
ductivity [113]. Therefore, the trade-off between the thermal and
electrical conductivities must be carefully considered in the mass fluc-
tuation engineering similar to the other scattering strategies, e.g., na-
nostructuring [25].
3.3. Multi-phases phonon scattering
Another effective technique to scatter phonon is based on the multi-
phase engineering of the material structure. Domain interfaces corre-
sponding to multi-phases can generate mass or lattice spacing dis-
continuity that can scatter phonons, and reduce the lattice thermal
conductivity [12,64,114]. In the multi-phase structures, the coexisting
Heusler phases (half or full) can be modeled by introducing different Ki
and mi values (equation (7)) corresponding to the different atoms and
chemical bonds. The variations in the Ki and mi lead to scatterings at
the phase interfaces affecting the thermal conductivity. At sufficiently
large grain sizes, each phase has its own physical properties (and
Fig. 6. Motion of atoms in spring system a) using an interface layer with three ranges of atoms, b) atomic substation.
Table 6
Thermoelectric parameters of (TiNiSn)0.95 + (MnNiSb)0.05 alloy at 823 K [110].
Alloy S (μVK−1) σ (Scm−1) κL (Wm−1K−1) zT
(TiNiSn)0.95 + (MnNiSb)0.05 −160 1700 3.5@823K 0.63
TiNiSn −150 1100 4.25 @723K 0.35
Fig. 7. Backscatter electron (BSE) images of (TiNiSn)1-x + (MnNiSb)x system: (a) x= 0, (b) x=0.05, and (c) x= 0.1 (Ref. [110] with permission).
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phonon group velocity), and the multi-phase effect can be modeled
merely by a phonon scattering causing by the interfaces. However,
when the domains become small and comparable to the dominant
phonon wavelengths, the individual phase properties alter. In that case,
the phonon dispersion (and velocity) changes, and the models based on
an effective medium, such as coherent potential approximation, are
more appropriate [115–117]. Douglas [118] showed the effects of
phase separation on the thermoelectric factors of half-Heusler TiNiSn in
corresponding to the presence of phase-segregated Heusler TiNi2Sn
alloy. In this study, the TiNi1.15Sn containing two phases of TiNi2Sn and
TiNiSn (Fig. 8) showed a significant reduction of the thermal con-
ductivity by nearly 10%–30%. Hence, the zT value increased by about
25% compared to that of the TiNiSn alloy reaching 0.44 at 800 K.
Also, as shown in Table 4, the phase separation strategy was carried
out successfully to enhance the zT value of the
Ti0.25Hf0.75CoSb0.85Sn0.15 alloy to around 1.2 at 710 K. In this study, the
phase separated half-Heusler Ti0.25Hf0.75CoSb0.85Sn0.15 alloy was syn-
thesized, which showed the reduction of thermal conductivities.
Solidification and cooling procedures can influence the phase de-
composition because the atomic diffusion is dependent on the cooling
rates and temperatures. Consequently, the formation of the new phases
can interfere with phonon transport due to differences in phase struc-
ture and atomic arrangement [12]. Fig. 9 shows the effects of tem-
perature on phase transformation and segregation of CoVSn compounds
within a specific mole percent to the alloy mixture.
According to Table 7, the phase composition can be adjusted by
temperature leading to the formation of one to three different phases at
each specific molar ratio of the elements in CoVSn (Fig. 9). Each phase
has its own thermal and electrical properties; therefore, the composite
material can take a wide range of properties depending on the choice of
the molar ratios and the temperature of thermal treatment. Thus by
controlling the temperature, the multiphase structures could be en-
gineered to introduce the required conditions towards phonon scat-
tering at the phase boundaries.
Schwall et al. [83] evaluated the effects of phase separation on the
thermal conductivities of the half-Heusler Zr(1-x)HfxNiSn series. They
showed that the samples with more phases have higher electrical con-
ductivity, but lower thermal conductivity, despite their higher elec-
tronic thermal conductivity. The small thermal conductivity of these
samples was associated with the phase separation, which leads to in-
creased interfacial phonon scattering.
Similar to the mass fluctuation mechanism, energy filtering may
also occur at the interface of the domains [119]. For example, Agarwal
et al. [105] doped graphene into Bi2Te3 to make energy filtering that
not only decreased the thermal conductivity but also improved the
Seebeck coefficient (S=−117 (μV.K−1)). The samples showed
zT= 0.92 near 405 K. It was concluded that the phase separation
induced sub-micron multi-phase domains, which acted as scattering
centers and reduced the thermal conductivity.
4. Dominant phonon scattering mechanisms in heusler crystal
structures
Heusler alloys can be conveniently doped by replacing the elements
in the fcc sub-lattices with other atoms to optimize their thermoelectric
properties [55]. The optimum doping concentration often moves the
peak of the figure-of-merit of these alloys to the moderate temperature
ranges [49,120]. In this range of temperature, the impurity scattering is
often significant and dominates the phonon transport as schematically
shown in Fig. 10.
To demonstrate the underlying physics of the trend observed in
Fig. 10, as a case study of a half-Heusler alloy, the thermal conductivity
of NiTiSn was calculated and compared with the experimental data
(Fig. 11a) [121]. The variation of phonon mean free path (MFP) versus
phonon wavelength was also calculated as shown in Fig. 11.b. This plot
demonstrates the contributions of various phonon wavelengths and
MFP to the thermal conductivity. Model calculations followed the
methodology described in Refs. [102,122].
In Fig. 11.b, the green dot-line following by the blue, and red dot-
lines represent the contribution of phonons with MFP>100 nm to the
accumulated thermal conductivities (κl) at the temperatures of 300 K
and 650 K, respectively. Based on this figure, the phonons with
MFP>100 nm contribute to the thermal conductivities equal to 4.8W/
mk at a temperature of 300K. In other word, if all the phonons with
MFP>100 nm are 100% scattered, the thermal conductivities will be
reduced by the amount of 4.8W/mk. However, at a higher temperature
of 650K, by eliminating the phonons with the MFP>100 nm, the
thermal conductivity is reduced only by the amount of 2.4W/mk.
Therefore, nanostructuring is much less effective at 650 K (by ∼50%)
compared to at 300 K. Note that material with grain sizes of 100 nm
does not necessarily filter all the phonons with MFP>100 nm. As
discussed earlier, phonons can experience different types of scattering
at an interface leading to different kinds of relaxation times such as due
to reflection and refraction, diffusive, or Rayleigh scattering. Therefore,
the hard cuts as shown in Fig. 11.b are the extreme cases, and in
practice, one would need much smaller grains than 100 nm to filter all
or most of the phonons with MFP>100 nm.
Fig. 11.b also shows that the low energy phonons with high MFPs
have a small contribution to the overall thermal conductivity, especially
at higher temperatures where the half Heusler material has a high zT. In
contrast, the accumulated thermal conductivity increases significantly
versus phonon energies although the high-energy phonons have smaller
MFPs, mainly due to the larger density of states at higher energy.
As mentioned earlier, the scattering of these high-energy (short
Fig. 8. (a) Optical and (b) scanning electron images of polished surfaces of the binary phase TiNi1.15Sn alloy. In (a), H stands for the TiNi2Sn full-Heusler alloy, and
hH shows the TiNiSn half-Heusler phase (hH). (b) Illustration of a region containing half-Heusler precipitates. (Ref. [118] with permission).
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wavelength) phonons is most efficient through mass and lattice con-
stant fluctuation such as by point defect strategy. Both ai and Mi in the
point defect relaxation time can be manipulated readily by substitu-
tional doping in Heusler compounds to decrease the lattice thermal
conductivity effectively.
5. Summary
Thermoelectric generators can contribute to controlling global
warming by generating electrical power from low-grade heat which is
otherwise wasted in mechanical engines or industrial processes. Heusler
semiconductors are known as eco-friendly materials with potentially
good thermoelectric properties. The high lattice thermal conductivity of
these compounds, however, limited their effectiveness. The transport of
Fig. 9. Multiphase formation by controlling the synthesis temperature of CoVSn.
Table 7
Phase composition of CoVSn alloys at 600,700,800 and 900 °C as mentioned in
Fig. 9.
T (°C) Phase/Crystal structure/Elements
900 Equilibrium line between two areas of (CoSn, BCC (Co,V,Sn)) and
(Liquid, CoSn, BCC (Co,V,Sn))
800 Equilibrium line between two areas of (CoSn, BCC (Co,V,Sn)) and (
ALTA_Sigma (V, Co), CoSn, BCC (Co,V,Sn))
700 ALTA_Sigma (V, Co)+ CoSn+BCC (Co,V,Sn)
600 ALTA_Sigma (V, Co)+ CoSn+SnV3
Fig. 10. Dominant phonon scattering mechanisms versus temperature.
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phonons as the primary heat carriers are to be impaired to reduce
thermal conductivity. The critical phonon engineering strategies ap-
plicable to Heusler compounds were discussed. These strategies must be
implemented according to the working temperature to deliver an ef-
fectively low thermal conductivity in practice. At low temperature, the
acoustic branches with long wavelength are mainly responsible for heat
transfer. These acoustic branches can be distracted by grain/crystal
boundaries with length scales comparable to the phonon wavelength.
When the grain size is less than the mean free path of these phonons,
the thermal conductivity is reduced significantly. By increasing the
temperature, the phonons occupy higher frequency states creating mid
to short wavelength phonons. In this region, the mass and lattice spa-
cing fluctuations can be more effective in phonon scattering. This can
be achieved via substitutional doping of various elements into the
Heusler alloy with a large discrepancy of masses and strain fields. The
domain interfaces in the multi-phase structures can also generate mass
and lattice spacing discontinuities and decrease the thermal con-
ductivity in the medium temperature range. At high temperature, the
phonon scattering is often dominated by 3-phonon scattering which is a
function of the Grüneisen constant (or the anharmonicity parameter)
and is effectively independent of the grain sizes. Among the discussed
phonon scattering strategies, the mass and lattice constant fluctuations,
due to point defects and/or elemental substitutions, are the most ef-
fective methods for improving the thermoelectric performance of
Heusler compounds over their optimum working temperature. It should
be noted that because of the trade-off between the thermal and the
electrical conductivity, the phonon scattering strategies must be im-
plemented carefully as sometimes these methods may cause a sig-
nificant reduction of the thermoelectric power factor.
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ABSTRACT: We examine the role of graphene nanoplates (GNPs) in the
critical properties of thermoelectric GNP nanocomposites. After a detailed
analysis of the thermoelectric, microstructural, and mechanical characteristics
of such nanocomposites, we present a case study based on CoVSn-GNP
heterostructures. It is shown that GNPs can improve the mechanical
properties without deteriorating the thermoelectric properties of the material.
CoVSn-GNP bulk composites are fabricated using powder metallurgy and
spark plasma sintering with a GNP weight percentage range of 0−1. All
samples with the addition of GNPs showed improved mechanical properties
compared with pristine CoVSn. The sample with 0.5 wt % GNPs showed the
highest value of Vickers Hardness (737 HV) among all of the studied
compositions. Moreover, the fracture toughness was higher for the samples
with a lower average crystal size. The concentration and dispersion of GNPs
did not significantly change the CoVSn multiphase microstructure; however, it influenced the thermoelectric factors by reducing the
thermal conductivity and increasing the Seebeck coefficient, leading to the enhancement of the thermoelectric figure of merit.
KEYWORDS: graphene nanoplates, heterostructure composition, thermoelectrics, nanostructuring, CoVSn
1. INTRODUCTION
To date, graphene-based nanomaterials have demonstrated
remarkable characteristics in diverse applications such as the
electronic,1,2 biomedical,3,4 coating,5,6 and food industries.7,8
Encouraged by such interesting findings, graphene com-
pounds, such as few-layer graphene (FLG) and reduced
graphene oxide (RGO), were also tested to modify the
efficiencies of thermoelectric (TE) compounds through
microstructural manipulation of TE materials.9−11 However,
the outcome is more complicated because multilayer
graphene (i.e., stacked single graphene layers) may not
possess the same effect as the two-dimensional (2D) defect-
free single-layer graphene.12−14 The impact of graphene
inclusion on TE factors is summarized in Figure 1 through
the critical analysis of several studies. In this figure, we have
presented the Seebeck coefficient (S), electrical conductivity
(σ), and thermal conductivity (κ = κl (lattice) +
κe(electronic)) and their contribution to the unit-less
parameter of the figure of merit (zT = S2σ/κ T) for both
pristine TE compounds and their graphene-reinforced
compositions.
As shown in Figure 1, graphene compounds have been
shown to have various impacts on thermoelectric products. In
the following sections, the scientific and engineering aspects
of graphene’s effects on electrical and thermal transport and
the mechanical properties of thermoelectric compounds are
discussed.
1.1. Graphene Impact on the Thermoelectric Proper-
ties. 1.1.1. Seebeck Coefficient. The Seebeck coefficient of a
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where E is the energy, n(E) stands for the energy-dependent
carrier density, and md* is the effective mass of the charge
carrier, while n, μ, q, KB, Ef, and τ are the carrier
concentration, carrier mobility, carrier charge, Boltzmann
constant, Fermi energy, and charge carrier relaxation time,
respectively. Assuming a parabolic energy band and the
dependency of the relaxation time (τ) on the energy and the
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scattering factor (λ) via (τ = τ0E
λ) (τ0 is an energy-




















where N(E) is the electronic density of states. According to
eq 3, the Seebeck coefficient depends directly on the
scattering factor (λ) and is inversely affected by the charge
carriers’ concentration if the other parameters remain
unchanged. It is well established that graphene reinforcement
and its segregation at the grain boundaries (GBs) can lead to
a grain size reduction in nanocomposites, when compared
with a pristine matrix, by preventing welding or grain growth
during milling and sintering, respectively.9,21,22 The electrical
characteristics of the sample with a single crystal and a
polycrystalline structure may differ due to the effect of the
grain/crystal boundaries.26 However, the impact of the grain
boundaries on the scattering of carriers is significant in case
the mean free length (l) of carriers is larger than or
comparable with the crystal/grain size (d).26 The intrinsic
tendency for carrier localization is created due to the
presence of energetic disorder, caused by structural
inhomogeneity and chemical impurities at the grain
boundaries.27,28 At the grain/crystal boundaries, this atomic
disorder may provide electrical charge potential barriers
(scattering regions) or traps.27,28 The reason for this
phenomenon is that the atoms near GBs are usually
distributed irregularly, so the electronic couplings between
atoms in different grains may change and thus prevent/
disrupt the charge carriers’ transport from one grain to the
other.29 This process can create traps, which may be classified
as valleys (i.e., lower energy states) or barriers (i.e., higher
energy states) by considering their energetic position with
respect to the transport level.30,31
As shown in Figure 2, four scenarios may occur at the
grain boundaries by considering the disturbed carrier
concentration in these areas. If the structural inhomogeneity
of the lattice at the grain boundaries creates electron donors
near the valence-band maximum (VBM), hole traps are made
(Figure 2a). Conversely, electron acceptors near the VBM act
as dopants, making a barrier for holes32,33 (Figure 2b).
Similar behaviors apply to the cognitive bias modification
(CBM).33,34 The electron acceptors make a trap for electrons
(Figure 2c), while the electron donors create a barrier for
electrons (Figure 2d).33,34
There are further effects from the inclusion of graphene
due to the formation of various lattice defects such as
vacancies, antisites, etc., some of which can introduce extra
charge carriers or compensate some of the donors or
acceptors in the lattice.38,39 However, in the case of graphene
segregation, there are some other questions that need to be
clarified, such as how the newly created graphene-matrix
interfaces can affect electrical transport. The effect of
graphene segregation at the grain interfaces can be evaluated,
based on the possible band alignment, depending on the
work functions of graphene and the main matrix. As
illustrated in Figure 3, the type of contact (Schottky or
Figure 1. TE characteristics of pristine and graphene-reinforced nanocomposites, (a) Seebeck coefficients, (b) electrical conductivities, (c)
lattice thermal conductivity (E and H show the total thermal conductivity), and (d) dimensionless figure of merit (zT): (A) Bi0.85Sb0.15-0.5 wt
%G (T = 280 K),15 (B) Nb-doped SrTiO3-RGO (T = 800 K),
16 (C) Zn0.98Al0.02O-1.5 wt %RGO (T = 900 °C),
17 (D) p-phenediamino-
modified graphene (PDG) (RT),18 (E) CoSb3/G (T = 800 K),
19 (F) LaCoO3-0.01 wt % G (T = 300 K),
20 (G) MnTe-GNPs (T = 823 K),21
(H) CuInTe2/G (80:1) mass ratio (T = 700 K),
22 (I) SnSe-3.2 wt % MoS2/G (T = 810 K).
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ohmic) at the graphene-matrix interfaces depends on the type
of the majority carriers in the matrix: electrons or holes. As
shown in Figure 3, Schottky barriers occur at the graphene-
matrix interfaces for both n- and p-type semiconductors when
the graphene work function (ΦG) is larger and smaller than
the semiconductor work function (ΦS), respectively (Figure
3a,b). In this case, there is an interface potential barrier (Eb),
which scatters the low energy carriers preferentially more
than the others, resulting in carrier energy filtering. In
contrast, for the ohmic contact, there is no potential barrier,
and all of the carriers can pass the interface (Figure 3c,d),
although they can still experience scatterings due to potential
energy variations at the interface.
Therefore, these extra boundaries due to smaller grain
sizescaused by graphene segregation and grain growth
blockingand graphene-matrix interfaces may provide an
energy filtering effect for the charge carriers (electrons or
holes). The consequence of energy filtering is the strong
scattering of the low energy carriers, leading to reduced
electrical conductivity and simultaneously increasing the
Seebeck coefficient.40,41
1.1.2. Electrical Conductivity. The addition of graphene to
the TE materials can result in either an increase or a decrease
in the electrical conductivity (Figure 1b). This is due to
graphene manipulating either the carrier concentration (n) or
the mobility (μ), according to the Mott equation σ =
enμ.9,22,38 The higher or lower carrier concentration depends
on how graphene affects the crystal imperfections and
interacts with the charge-donating centers in the material.42,43
The graphene-embedded compounds may introduce a larger
carrier concentration, but the resultant nanostructuring (i.e.,
grain growth prevention) provides more grain boundary
barriers and thus further charge carrier scattering, leading to a
decrease in the carrier mobility.15,22 Therefore, one must
consider both the carrier mobility of the matrix (μm) and the
associated one to the interface (μin) to estimate the total
mobility of the nanocomposites (eq 4),38,44
μ μ μ
= +1 1 1
T m in (4)
There are various models and approximations for interface






















where Lq is the mean path between two adjacent potential
barriers, Eb shows the height of the potentials (energy) at the
interfaces (Figure 3a,b), kB is the Boltzmann constant, m* is
the effective mass of the charge carriers, and T is the absolute
temperature.
1.1.3. Lattice Thermal Conductivity. Figure 1c shows that
the addition of graphene in all of the listed materials reduces
the lattice thermal conductivity. The primary mechanism is
expected to be the phonon scattering against the grain
boundaries,22 which happens effectively at the low to medium
temperature range.45 Based on Matthiessen’s rule,45,46 the
total relaxation time of phonons, τc (eq 6) is related to
various relaxation times, including τU (Umklapp), τN
(normal), τe‑ph (electron phonon), τpd (point defect), τi‑ph
(impurity phonon), τRef (regular reflection and refraction),
τDiff (diffusive scattering due to the corrugation of the GB),
and τRay (Rayleigh scattering), as follows
τ τ τ τ τ τ τ τ
τ
= + + + + + +
+
− −
1 1 1 1 1 1 1 1
1
y
c U N e ph pd i ph Ref Diff
Ra (6)
in which τRef, τDiff, and τRay depend on the grain boundary
scattering, as described in Table 1.
It is noteworthy that graphene compounds can contribute
to the electronic thermal conductivity (κ = κe + κl), based on
the Wiedemann−Franz law (κe: LσT, L: Lorentz number),
the relationship that maps the electrical conductivity to the
electronic thermal conductivity (κe).
47 In the cases where the
electrical conductivity increases significantly, there may be a
tradeoff between the increase of the electronic and reduction
of the lattice thermal conductivities to determine the effect of
graphene on the total thermal conductivity.48
Li et al.49 obtained a significant reduction in thermal
conductivity (from ∼0.8 to ∼0.4 W m−1 K−1 at a temperature
of 873 K) by adding 0.15 wt % graphene in the Cu2Se
matrix. The reduction of the lattice thermal conductivity was
associated with a frequency mismatch in the phonon density
of states between carbon honeycomb phases and cubic
Cu2Se. Another study
50 reported a thermal conductivity of
2.5 W m−1 K−1 for a 0.25 vol % graphene/Cu2SnSe3
compound at room temperature, which was 12% lower
than that of pristine Cu2SnSe3. In this study, the extra
barriers created by the addition of graphene were mentioned
as the reason for the phonon scattering and the reduction of
the thermal conductivity of the nanocomposites.
1.2. Graphene’s Mechanical Reinforcing Criteria.
1.2.1. Grain Refining. Grain refinement, through graphene
Figure 2. Schematic diagrams of (a) hole trap, (b) hole barrier, (c)
electron trap, and (d) electron barrier. Adapted from ref 35−37.
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decoration of the grains, has been suggested as an effective
method to improve the mechanical characteristics of
nanocomposites.51,52 Graphene addition to many granular
alloys, due to graphene segregation at the grain/particle
boundaries, inhibits the grain growth during the sintering
process. In this regard, the Hall−Petch criteria explain the
Figure 3. Schematic diagram of various contacts and band alignments at the graphene-matrix interface, (a) Schottky contact for graphene/n-
type semiconductor, (b) Schottky contact for graphene/p-type semiconductor, (c) Ohmic contact for graphene/n-type semiconductor, and (d)
ohmic contact for graphene/p-type semiconductor.
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manipulation of mechanical factors, specifically yield strength
and hardness by grain size (d) reduction as follows53,54








where σy and H are the yield strength and hardness when
grain growth is prevented by the reinforced GNPs,
respectively; also, Kσ, KH (slope of the straight line when
σy or H is plotted against 1/√d), H0, and σ0 are materials
constants (friction stress opposing the motion of dislocation).
Furthermore, geometry mismatch may result from the
presence of nonreacting graphene/matrix interfaces. The
existence of an inharmonious geometry among the graphene
segregates at the grain boundaries and within the grains can
pin down the dislocations and thus strengthen the nano-
composites.55
In the graphene-reinforced alloys, several regions are the
potential stress concentration/accumulations in the proximity
of graphene nanoplates (GNPs) due to their high specific
interface areas with the matrix. Accordingly, this factor can
obstruct the dislocation movement and lead to mechanical
stabilities in the nanocomposite.56 It is noteworthy that the
abovementioned phenomenon can be observed in the
optimum reinforcing percentage and distribution of
GNPs.57 In this regard, Figure 4 illustrates how the
agglomerated graphene nanoplates at the alloy matrix (a
CoVSn compound in this figure) may not be able to prevent
the crack growth or even create a crack. This issue
emphasizes the importance of optimization of the graphene-
mixing ratio to achieve a uniform distribution.
Equation 9 calculates the strengthening efficiency of
reinforcement (R),51 based on the strengths of the composite









Based on this equation, increasing the reinforcement volume
above the optimum value may not enhance the reinforced
strength, as illustrated in Figure 4.
1.2.2. Load Transferring. Three main factors control the
load transfer mechanism in the nanocomposites, namely, the
reinforcement geometry, volume fraction, and bonding
strength among the matrices and nanofillers.51 By reinforcing
a matrix with GNPs, the tight bonding (interlocking) due to
the large interface areas of the GNPs/matrix enhances the
load transfer between graphene and the matrices.51 The
formation of strong bonding was reported by Bhadauria et
al.55 through the transmission electron microscopy (TEM)
analysis of the interface (Figure 5a). The results revealed a
clean interface with good metallurgical bonding between
GNP reinforcement and the Al matrix, which can improve
the load transfer between graphene and the matrix. The high-
resolution TEM image of the interface region, illustrated in
Figure 5b, reveals the nature of the bonding between
graphene and the Al matrix.
Table 1. Phonon Scattering Strategies against the Grain Boundaries45
scattering strategies parameters and relations parameters definitions
GB regular reflection and
refraction τ ν∼ Δ
− −v ( )Ref GB gj
1 2 lGB mean distance of the GBs




ℏ( )v kDiff GB gj 1
2
1jB vgj group velocity for the corresponding phonon modes
GB Rayleigh scattering τ ∼ Ξ
θ




Δν difference in the refraction indices of the elastic waves in different grains
kB Boltzmann constant
θj Debye temperature
η a parameter that characterizes the degree of the corrugation of the GB (typically 1
≪ 10)
ℏ (ℏ = h/2π), h is Plank’s constant
ω phonon frequency
Ξ a constant, dependent on the details of the grain boundary characteristics
T absolute temperature
Figure 4. Graphene nanoplate (GNP) agglomeration at CoVSn- 1 wt % GNPs: (a) backscattered electron image and (b) carbon X-ray map.
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In this case, eq 10 can estimate the nanocomposite













τ σ= +V A
CS
V
2nanocomposite r m m (10)
where Vr shows the reinforcement’s volume fraction, A and
CS are interfacial surfaces and cross sections of reinforce-
ments, respectively, τ stands for shear stress; σm is the matrix
strength, and Vm is the matrix volume fraction. According to
this equation, for the optimum dispersed GNPs in the matrix,
the interfacial surface area (A) increases and the reinforce-
ment’s cross section (CS) decreases, which leads to an
enhancement of the nanocomposite strength. In other words,
the matrix reinforced by GNPs provides more effective
interfaces and facilitates the load transfer from the matrices
into GNPs via shear stress.53 This mechanism causes load
distribution and enables the strong reinforcing agent (GNPs)
to take most of the applied load and prevent any local stress
concentrations in the matrix and any subsequent premature
nanocomposite failure.
1.2.3. Thermal Expansion Coefficient Mismatch. Dis-
location can be generated due to the differences in the
thermal expansion coefficients (TECs) contributed to
matrices and GNPs.
Equation 11 describes the effective parameters in strength
improvement, based on the TEC differences between the
matrix and GNPs59




where α is a constant, G shows the shear modulus, b
represents the magnitude of the Burgers vector, ΔT is the
temperature gradient between the process and the ambient,
ΔC states the TEC difference, and d is the particle size.
As shown in this equation, the residual stress creation due
to the TEC difference is directly related to ΔC. Moreover,
the mismatch in the TECs is caused by residual stress.60
Equation 12 estimates the change in strength based on the
density of the dislocations. In this equation, α is the
geometric constant, μm shows the matrix shear modulus, b
represents the Burgers vector magnitude, and ρ is the
dislocation density.60
σ αμ ρΔ = bm (12)
As represented in this equation, well-dispersed GNPs with a
high level of interface areas with the matrix generate a higher
density of dislocations and residual stress.
1.2.4. Orowan and Griffith Criteria. Orowan reinforce-
ment is another mechanism that has been evaluated for
reinforcing the matrix using GNPs. In this process, graphene
may cause the pile-up of the dislocations and prevent them
from moving freely throughout the matrix. Consequently, the
dislocations need to pass around the graphene nanoplates due
to their high mechanical stability. This extension in the
dislocation paths (loops) results in higher ductility for the
nanocomposites. Furthermore, these loops can create back
stresses and prevent dislocation motions.55 Equation 1359
describes the strength regarding this mechanism, based on























where G states the shear modulus, b is the Burgers vector
magnitude, θ is Poisson’s ratio, Vr is the reinforcement
volume fraction, and d is the particle size.
Candidate thermoelectric materials for waste heat recovery
applications such as heavily doped semiconductors and
ceramic oxides are predominately brittle materials.61 By
considering this critical feature, the performance of the GNPs
in strengthening the thermoelectric compounds against brittle
fracture can be estimated via Griffith’s fracture criterion (eq
14). In this equation, the critical stress intensity factor
σ π=K a( )c c 0 depends on Young’s modulus (E) and surface
energy (γ) (i.e., the edge energy for 2D materials like
graphene).
σ π γ= =K a E2c c 0 (14)
where a0 stands for the half crack length and σc shows the
critical stress at the fracture onset.62
Nevertheless, there is a crack length restriction (up to 10
nm) when using the Griffith criterion,63 but as per an
Figure 5. (a) TEM micrographs showing the Al−GNP interface and
(b) high-resolution TEM image showing graphene layers in the
GNP, along with its interface structure with an Al matrix.55
Figure 6. Schematic of crack growth inhibition by (a) crack deflection and (b) crack bifurcation/pinning, adapted from ref 65 with permission.
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adequate dispersion of GNPs, these reinforcements with a
high Young’s modulus can improve the nanocomposite
strength64 and its resistance to crack propagation by
improving the modulus (eq 14) as follows
σ σ σ= +X Xc Gr Gr m m (15)
= +E E X E Xc Gr Gr m m (16)
where Ec shows Young’s modulus of the nanocomposites and
EGr, Em, XGr, and Xm are Young’s moduli and volume
fractions of the graphene nanoplates and the matrix,
respectively.
Moreover, Figure 6 demonstrates schematically the crack
growth blocking or halting by GNPs.
This process can also be interpreted based on eq 14, in
which increasing the nanocomposite Young’s modulus (E)
and increasing Kcfracture toughnessresult in a lower
crack propagation tendency.
In the following section, we report a case study on CoVSn
and study the effect of graphene on the thermoelectric,
microstructure, and mechanical properties of the nano-
composite structure. The CoVSn composition was studied
in its pristine phase and presented in a prior publication.66
Here, the heterogeneous composition is evaluated through
reinforcement with graphene nanoplates.
2. MATERIALS AND METHODS
The synthesis of the CoVSn compound has been reported, and its
multiphase composition and microstructure were discussed in an
earlier work by the authors66 (Figures S1 and S2). Here, the impacts
of graphene nanoplate (GNP) reinforcement on the CoVSn
microstructure and its properties are studied.
Figure 7. (a) GNP segregation at the grain/particle boundaries and (b) average crystal size of CoVSn heterostructure compositions.
Figure 8. Temperature-dependent thermoelectric characteristics of CoVSn-GNP heterostructure compounds, (a) thermal conductivity, (b)
electrical conductivity, (c) Seebeck coefficients, and (d) zT.
ACS Applied Energy Materials www.acsaem.org Article
https://dx.doi.org/10.1021/acsaem.1c00015
ACS Appl. Energy Mater. XXXX, XXX, XXX−XXX
G
The CoVSn-xGNP (x: 0.25 wt % [0.047 atom %], 0.5 wt %
[0.095 atom %], 0.75 wt % [0.142 atom %], and 1 wt % [0.19 atom
%]) compounds were prepared using micromilling (reciprocating
type, 1 h, a ball/powder volume ratio of 1:1, the stainless steel ball
size of 1 mm) of the synthesized CoVSn powder with the GNPs
(average particle: size 3 nm, surface area: 500 m2 g−1, Alfa Aesar)
under an argon atmosphere. The bulk samples were fabricated with
an average density (≈98 to 99% theoretical density measured by the
Archimedes method, with isopropyl alcohol as a displacement
medium) via spark plasma sintering (SPS) at a temperature of 850
°C and an applied pressure of 42 MPa, with a sintering time of 20
min under an argon atmosphere. The phase identification was
implemented via X-ray diffraction (XRD) analysis (MiniFlex 300/
600, 40 kV, 15 mA, Cu X-ray tube generation). Field emission
scanning electron microscopy (FESEM) Quanta 450 SEM was
employed for microstructural analysis. The Seebeck coefficient (S)
and electrical conductivity (σ) were measured under a He
environment at a temperature range of 300−820 K on a commercial
Linseis LSR-3 system, using a differential voltage/temperature
technique and a DC four-probe method, respectively. The thermal
conductivity (κ) was calculated using κ = DρCP where ρ(g cm
−3) is
the sample density. The thermal diffusivity D (m2 s−1) and specific
heat capacity CP (J Kg
−1 K−1) were measured with laser flash and
differential scanning calorimetry methods, respectively, on Linseis
LFA and DSC instruments, at a temperature range of 300−820 K.
Moreover, the Vickers hardness values were measured using a
microhardness device (LECO, LM-700AT-load: 1000 g, dwell time:
10 s) at room temperature.
3. RESULTS AND DISCUSSION
The segregation of GNPs at GBs in Figure 7 presents the
range of the average crystal size of CoVSn-GNP hetero-
structure compounds estimated from the XRD analysis. The
addition of GNPs has resulted in smaller crystallites, which
are saturated at approximately 15−18 nm. The segregation of
GNPs at the grain boundaries, creating new microstructural
interfaces and providing extra boundaries, influenced the
thermoelectric properties (Figure 8). The reduction in
thermal conductivity is clearly illustrated in Figure 8a.
Phonon scattering against the microstructural boundaries
(grain/crystal boundaries and GNP distribution as a second
phase) can be regarded as a reason for reducing the thermal
conductivities. Based on the results, the primary reduction
occurred at a lower temperature due to the main impact of
phonon scattering with a longer wavelength (low frequencies)
against the grain boundaries.45
Figure 8b shows the electrical conductivities of the samples
after reinforcing with GNPs, which are in the range of
conductive compounds. Moreover, Figure 8c illustrates the
negative Seebeck coefficients for the samples to confirm the
presence of electrons as the majority carriers. However, for
the compounds with more than 0.5 wt % GNPs, there is a
disruption in the improvement of the TE characteristics. This
can be attributed to a lack of uniform GNP dispersion in the
matrix and formation of the agglomerated GNP regions, as
shown in Figure 9, which are also reported for other
nanocomposites.50,67
Moreover, the microstructural analysis revealed multiphase
microconstituents for the CoVSn-GNPs (e.g., CoVSn-1 wt %
GNPsFigure 10), similar to the pristine CoVSn sample, as
discussed in ref 66 Figure 10 shows the elemental dispersion
via X-ray mapping. It can be seen that the distributions of the
main three elements, Co, V, and Sn, are not uniform, which
confirms the presence of a multiphase microstructure. The
comparison with the multiphase microstructure of the pristine
CoVSn shows that the incorporation of GNPs does not
influence the formation of the constituent phases in the
microstructure (Figure S3).
Table 2 illustrates the hardness measurement results of the
studied heterostructure compositions after reinforcement with
the GNPs. The average hardness of the samples containing
GNPs is higher than the pristine sample. This result can be
explained by considering the presence of the GNPs as a
second phase in the matrix and the smaller average crystal
sizeextra microstructural barriers (Hall−Petch effect54). In
this regard, the dispersion of GNPs in the matrix is expected
to hinder dislocation movements68 and, consequently,
strengthen the GNP-reinforced CoVSn heterostructure
composition. It appears that the optimum concentration of
GNPs to achieve the highest hardness is about 0.5%, and the
further addition of GNPs reduces the hardness. Such an
outcome may be attributed to the distribution of GNPs. A
higher GNP concentration results in their agglomeration
(Figure 9) and thus reduces the hardness.
Fracture toughness (KIC, MPa√m) values were calculated
based on the Shetty equation =K 0.0899 HP
lIC 4
.21 Here H,
P, and l are the hardness, applied load of indentation, and
indentation crack length, respectively. The average of the
radial crack length was calculated from five indentations
measured for each specimen (Figure 11). The calculations
exhibit a higher fracture toughness for the sample containing
0.5 wt % GNPs (Table 2). This observation is attributable to
halting the crack propagation against the extra microstructural
interfaces/barriers, caused by the grain/crystal growth
prevention (i.e., creating smaller grain/crystal sizes) in the
graphene-reinforced CoVSn samples.
4. CONCLUSIONS
The scientific and engineering aspects of the graphene effects
on mechanical, thermal, and electrical properties of thermo-
electric materials were presented. The mechanisms under
which GNPs affect the charge carrier concentration, carrier
mobility, thermal conductivity, and thermopower were
discussed. Special attention was paid to the incorporation
of multilayer graphene as the reinforcing agent. As a case
study, the impact of graphene nanoplates (GNPs) on the
CoVSn heterostructure composition properties was analyzed.
Figure 9. Backscattered electron micrographs with respective X-ray
maps illustrating the GNP agglomerations in the matrix of the
CoVSn-1 wt % GNPs nanocomposite.
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The mechanical assessment showed higher hardness (737
HV) in the sample reinforced with 0.5 wt % GNPs. This can
be explained by the dispersion of the GNPs in the matrix and
the excess microstructural barriers, due to small crystal sizes,
hindering the dislocation movements and, consequently,
strengthening the nanocomposite. The dispersion of GNPs
did not significantly impact the CoVSn multiphase micro-
structure but enhanced the thermopower and reduced both
the electrical and thermal conductivities. For some concen-
trations of the GNPs (0.25 and 0.5 wt %), zT was improved.
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Figure 10. Backscattered electron micrograph along with X-ray maps showing the formation of multiphase microstructures in CoVSn-1 wt %
GNPs.
Table 2. Mechanical Characteristics of the MnTe-GNP Samples
sample CoVSn CoVSn-0.25 wt % GNPs CoVSn-0.5 wt % GNPs CoVSn-0.75 wt % GNPs CoVSn-1 wt % GNPs
hardness (HV) 592 636 737 695 682
SD: standard deviation (SD: 15.3) (SD: 17.2) (SD: 12.4) (SD: 16.7) (SD: 12.6)
KIC(MPa√m) 1.954 1.980 2.277 1.982 1.957
Figure 11. Crack length measurement to calculate the fracture
toughness.
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Thermoelectric, Magnetic, and Mechanical Characteristics
of Antiferromagnetic Manganese Telluride Reinforced with
Graphene Nanoplates
Sadeq Hooshmand Zaferani,* Reza Ghomashchi,* and Daryoosh Vashaee*
1. Introduction
To date, graphene in a 2D-carbon configuration allotrope with
an atomic monolayer sheet has demonstrated itself as a promis-
ing material for novel products.[1–5] This material has shown
various potentials in a broad range of applications such as biosci-
ence,[6–9] electronics,[10,11] energy,[12–14] and polymeric/metallic
nanocomposites.[15–18] As such, in the field
of energy conversion, graphene products
have been used in developing new thermo-
electric (TE) compounds.[5,19–23] However,
it may be unrealistic to expect to simulta-
neously achieve all the improving features
by incorporating graphene compounds into
TE materials. The TE material is often
evaluated by the dimensionless figure of
merit factor (zT ), where zT ¼ S2σκ T , S is
the Seebeck coefficient, σ is the electrical
conductivity, κ is the thermal conductivity,
and T is the absolute temperature. In this
regard, Du et al.[24] synthesized orderly
aligned poly3,4-ethylene-dioxythiophene
(PEDOT) chains on the surface of graphene
quantum dots (GQDs) by taking advantage
of the strong interface interaction between
PEDOT:polystyrene sulphonate (PSS) and
GQDs. Such an ordered alignment of
those chains resulted in improving the
TE factors, including the electrical conduc-
tivity (30.99%) and Seebeck coefficient
(113.2%), attributed to π–π interaction
and low-energy carrier filtration, respec-
tively. In another approach,[25] TE factors of Nb-doped SrTiO3
were modified via reduced graphene oxide (rGO) and Sr defi-
ciency cooperation. The outcome of this work was reported as
a decrease in the grain size by a factor of 1.5 and a reduction
of thermal conductivity due to increased phonon scattering at
the boundaries. Also, Yadav et al.[26] identified a significant
improvement (86% at RT) in the electrical conductivity of a
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Mechanical and thermal stability are the two challenging aspects of thermo-
electric compounds and modules. Microcrack formation during material syn-
thesis and mechanical failure under thermo-mechanical loading is commonly
observed in thermoelectric materials made from brittle semiconductors. Herein,
the results of graphene-nanoplates (GNPs) reinforcement on the mechanical and
thermoelectric properties of MnTe compound are reported. The binary antifer-
romagnetic MnTe shown promising thermoelectric characteristics due to the
paramagnon–hole drag above the Néel temperature. In this study, different bulk
MnTe samples are synthesized with the addition of GNPs in a small quantity
(0.25–1 wt%) by powder metallurgy and spark plasma sintering. The thermo-
electric factors, magnetic behavior, microstructure, and mechanical properties of
the samples are evaluated and analyzed. Nearly 33% improvement is observed in
the fracture toughness of MnTe reinforced with 0.25 wt% GNPs compared to the
pristine structure. The Néel temperature remains approximately unaffected with
the GNP inclusion; however, the low-temperature ferromagnetic phase impurity
is significantly suppressed. The thermal conductivity and power factor decrease
almost equally by 34% at 600 K; hence, the thermoelectric figure-of-merit is not
affected by GNP reinforcement in the optimized sample.
FULL PAPER
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CoSb3/G nanocomposite. They stated that the 2D graphene pro-
vides extra carrier conduction channels in addition to the low
interface potential barrier for charge transport.
Along with discovering novel TE compounds and the
continued interest in developing efficient chalcogenide TE mate-
rials,[27–32] lead-free MnTe, an antiferromagnetic (AFM) transi-
tion metal–semiconductor, has shown potential as an efficient
TE material.[33,34] This material has been investigated since








has a Néel temperature (TN) of 307–310 K
[47,48] and a bandgap
of 1.27 eV,[47,49,50] with a high Seebeck coefficient
(450 μVK1)[49,51] and spin-wave excitation (magnon) drag
effect.[33,34] Also, in contrast to other manganese chalcogenides
such as MnO, MnS, and MnSe, which form with a cubic
NaCl–type crystal structure, MnTe has a hexagonal NiA-type crys-
tal structure in its ground state.[49] However, MnTe suffers from
two properties, mainly low electrical conductivity and chemical
instability, which can compromise its potential application as
an efficient TEmaterial. The poor electrical conductivity originates
from both a low hole concentration (1018 cm3 in comparison to
the carrier concentration of 1019–1021 cm3 in typical TE
tellurides)[49,52,53] and low carrier mobility due to the strong
spin-disorder scattering.[54] The chemical and crystal structure
instability is due to Te/Mn ion migration and Mn oxidation creat-
ingMnO andMnTe2 impurity phases. Such reactions can alter the
properties of MnTe-based devices during their service time,[55,56]
and therefore warrant further investigation for improvement.
Aside from the TE material properties, a rational design of a
reliable thermoelectric generator (TEG) demands thermome-
chanical stability to handle the stresses generated when the
TE material is exposed to thermal gradients.[57–61]
To overcome the drawbacks mentioned previously for
MnTe as a potential TE material, we tried to reinforce it
with graphene nanoplates (GNPs). Also, we investigated if
the high electrical conductivity of GNPs can enhance electrical
conductivity of MnTe to attain a higher power factor.
Another motivation for GNP addition was to prevent thermo-
mechanical instability, through modification of the grain
structure. As for the latter, mechanical sustainability due to gra-
phene addition may result through grain refining or size reduc-
tion,[62,63] load transfer,[64,65] dislocation density increase,[66,67] and
Orowan strengthening.[62,65] In this research, we characterized the
magnetic, TE, and mechanical factors of GNP-reinforced MnTe
compounds based on their microstructure manipulation and
analysis.
2. Results and Discussion
Figure 1 shows the X-ray diffraction (XRD) pattern for the syn-
thesized MnTe compound in which the majority of the diffrac-
tion peaks can be well indexed with NiAs-type crystal structure in
good agreement with the literature.[40]
Magnetic characterization of the MnTe and MnTe–GNP com-
pounds indicates that the Néel temperature (TN≅ 307 K)[47,48]
remains almost unaffected by GNP addition (Figure 2 inset).
The pristine MnTe shows a ferromagnetic (FM) phase over
the temperature range of 0–50 K (Figure 2). The associated mag-
netic moment is smaller in the samples with more GNPs.
Therefore, this reduction must be attributed to the dispersion
of GNPs in the MnTe matrix. The magnetic susceptibility
(Figure 2) shows a Curie temperature at the interval of 40–50 K.
This observation indicates a probable existence of Mn3O4
because its Curie temperature is around 43 K.[68] Moreover,
the XRD spectra, shown in Figure 3, reveal a minor peak
(2θ¼ 49.2), which disappearing upon increasing the GNP mix-
ing ratios (Figure 3 inset). All GNP-reinforced MnTe samples,
except the MnTe–0.25 wt% GNP, also show XRD peaks at about
2θ¼ 40.7 and 2θ¼ 56.6, associated with the Mn23C6
phase.[69,70] The disappearance of the Mn3O4 XRD lines in the
GNP-reinforced samples and the emergence of the Mn23C6 lines
suggest a chemical reaction taking place between the bulk
material and the GNPs (Figure 3 inset). Comparison of the
formation energies for Mn3O4
[71] and Mn23C6
[72] confirms that
Mn23C6 is chemically more stable than Mn3O4. As Mn23C6 is
Figure 1. XRD spectra of the MnTe sintered powder. This plot confirms the primary phase is MnTe with a small peak corresponding to MnTe2 binary
compound.
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energetically more favourable, it is highly possible that in a
thermally activated reaction, GNPs reduce Mn3O4 to make
Mn23C6, as evidenced by the disappearance of Mn3O4 lines in
the XRD data.
TheMn reaction with carbon consumesMn, leading to Te-rich
domains that favor the formation of MnTe2, as confirmed by the
XRD peak at 2θ¼ 32 (Figure 3). The formation of the MnTe2
phase can be explained by thermodynamic considerations[73,74]
based on three reaction steps for the formation of MnTe alloy
in the current study: 1) 2Mnþ2Te ! MnTe2þMnþ Q1 @
mechanical alloying and milling (MnTe2 standard heat of forma-
tion¼26.4 kcal mol1);[75] 2) MnTe2 ! MnTeþTe @ anneal-
ing process (T:750 C) and spark plasma sintering (T: 950 C);
3) MnþTe ! MnTe (MnTe standard heat of formation¼
13.27 kcal mol1).[76]
It is worth noting that the second and third synthesis steps can
happen simultaneously during the SPS process of the bulk sam-
ples. While these steps are likely to be completed in pristine
MnTe samples, in the GNP-reinforced MnTe, the second reac-
tion may not proceed further to the third one as the unreacted
Mn can react with the carbon atoms (achieved by defected GNPs
during the mechanical alloying) and create the stable manganese
carbide of Mn23C6 (Figure 3).
[70,77] In other words, Mn23C6
acts as a competitive phase with standard heat of formation
of58.5 kcal mol1[77] against the MnTe and MnTe2 phases with
the heat of formation equal to13.27[76] and26.4 kcal mol1,[75]
respectively.
Consistent with these claims, the equilibrium Mn–C phase
diagram (Figure 4a) confirms that the Mn23C6 is stable up to
the temperature of 1034 C, which is higher than the melting
point of MnTe2 (T¼ 735 C, Figure 4b). Consequently,
Figure 3 shows higher peak intensities for Mn23C6 and MnTe2
in the samples containing more GNPs (i.e., 0.75 and 1 wt%
GNPs), which nearly compromises their magnetic properties
(Figure 2) in comparison to the pristine MnTe.
The temperature-dependent TE characteristics of MnTe–GNP
compounds are shown in Figure 5 versus temperature from 300
to 820 K. The observed transport characteristics of the p-type
MnTe near its Néel temperature (307 K) have already been
noted in several reports.[78–80] GNP mixing did not make a sig-
nificant difference in electrical conductivity at high temperatures.
However, the room temperature electrical conductivity dropped
with GNP inclusion. Electrical conductivity (σ) directly relates to
the carrier concentration (n) and mobility (μ); i.e., σ ¼ enμ. To
determine the impact of the graphene reinforcement on carrier
concentration and mobility, the Hall effect data for two selected
samples, namely, MnTe and MnTe–1 wt% GNP, were measured,
as shown in Figure 6.
(a)
(b)
Figure 2. a) Regular magnetic susceptibility and b) inverse magnetic
susceptibility of the MnTe–GNP compounds versus temperature under
a magnetic field of 1000 Oe.
Figure 3. XRD spectrum showing the diffraction peaks for the MnTe–GNP samples. The formation of Mn23C6 peaks confirms the chemical reaction of
Mn–C in addition to the formation of MnTe2.
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The low-temperature side of the Hall data is limited to312 K
to stay away from the Néel temperature, where the critical fluc-
tuations can distort the Hall voltage. As shown in the figure, the
Hall data are in good agreement with the trends observed in the
thermopower data. MnTe–1 wt% GNPs shows an 10 smaller
hole concentration than MnTe. The electrical conductivity of this
sample is also about the same order more diminutive than that of
MnTe. The doping mechanism in pure MnTe is by stoichiometry
and defects. For example, uncompensated ions such as Mn1þ—
Mn vacancies as the major types of defect in MnTe—can donate a
hole to the crystal.[81,82] GNP introduces carbon to the system that
may compensate for some of such defects and reduce the hole
concentration in MnTe, which can explain the smaller hole con-
centration in MnTe–1 wt% GNPs. The hole mobility for both
samples is of the same order, which may seem counterintuitive,
considering the larger density of interfaces in MnTe–1 wt%
GNPs. To understand the insensitivity of the carrier mobility
to the interface scattering in MnTe, one must take into consid-
eration the magnetic properties. In AFM MnTe, the dominant
scattering mechanism near and above the Néel temperature is
due to spin-disorder scattering.[83] This scattering is about one
to two orders of magnitude stronger than any other one in
the material. For example, the relaxation times due to the acous-
tic phonons and impurity scatterings are typically in the range of
picoseconds or fractions of picoseconds. However, the spin-
disorder scattering in MnTe is in the range of a few tens of
femtoseconds.[33] GNP addition will add more interface scatter-
ing to the material, although such defect scatterings are in the
picosecond ranges and will not affect the carrier mobility
significantly.
Therefore, the similar TN and magnetic property, larger
Seebeck coefficient, and smaller electrical conductivity of
MnTe–GNP samples all indicate a lower carrier concentration
in the GNP-added samples.
The segregation of the graphene phase (GNPs) at the
microstructural boundaries is shown in Figure 7a,b.
Moreover, Figure 7c shows the results of the X-ray line scan
of the GNP (carbon) distribution in the microstructure.
As shown in this figure, the path of this line was arranged to
Figure 4. a) Mn–C binary phase diagram. Reproduced (Adapted) with permission.[96] Copyright 2018, Elsevier. b) Mn–Te phase diagrams. Reproduced
(Adapted) with permission.[81] Copyright 2018, Elsevier.
(a)
(b)
Figure 5. The temperature-dependent TE characteristics of the MnTe–
xGNP compounds (0 wt%¼ asterisk (*); 0.25 wt%¼ diamond (⍚);
0.5 wt%¼ circle (○); 0.75 wt%¼ square (□); and 1 wt%¼ hexagram (⎈)).
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cross the microstructural boundaries containing the GNP precip-
itation. Based on the results, by passing through the boundary
regions, the carbon peaks increase, which confirms the precipi-
tation of GNPs at the boundaries. It is noteworthy that the
interfaces may scatter the low-energy carriers preferentially more
than the high-energy ones and contribute to enhancing the
Seebeck coefficient, a.k.a., the energy filtering mechanism.[84,85]
However, considering the lower carrier concentration of MnTe–
GNP samples, the energy filtering does not seem to be the
dominant factor responsible for the observed improvement of
the Seebeck coefficient in the paramagnetic region.
Concurrently, the thermal conductivities have also been
reduced (Figure 5b), due to the interface scattering of the acous-
tic phonons in the MnTe–GNP matrix.[86,87] Overall, the samples
with 0.5, 0.75, and 1 wt% GNPs did not show enhanced TE
characteristics as much as the sample with 0.25 wt% GNPs
despite the higher amount of GNP concentration.
This may be attributed to a few reasons such as the lack of
uniform dispersion of GNPs in mixing ratios greater than
0.25 wt% GNPs (Figure 8), as similarly reported in another
study.[88] Also, the phase impurities generated by the GNP reac-
tion with MnTe can deteriorate the TE properties. GNP is also a
pseudometallic phase with a small Seebeck coefficient; therefore,
an excessive amount of GNPs can lead to the reduction of the
thermopower. To this end, the zTmax was determined as
0.56 at 820 K for the MnTe–0.25 wt% GNP compound
(Figure 5b).
The mechanical characteristics of the MnTe–GNP compounds
were evaluated through the measurement of Vickers microhard-
ness and calculation of fracture toughness, as given in Table 1.




) values were calculated accord-





,[89–91] where H, P,
and l are the hardness, applied load of indentation, and indenta-
tion crack length, respectively. The average of the radial crack
length was calculated from five indentations measured for each
specimen. The calculations show a higher fracture toughness
value for the samples containing 0.25 wt% GNPs (Table 1).
Based on the shown crack growth path (Figure 9b), the presence
of porosity in the bulk materials may influence the crack
340
Figure 6. Carrier concentration (left axis) and carrier mobility (right axis)
for two selected samples. MnTe (broken line) and MnTe–1 wt% GNPs
(solid line).
(a)
Line scan of Carbon
(c)
(b)
Figure 7. Graphene precipitation at the microstructural boundaries in the
GNP-reinforced MnTe sample. a) Back-scattered electrons image,
b) micrograph, and c) X-ray line scan of carbon distribution.
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deflection,[92] making the cracks reinitiate after passing through
the pores. Moreover, the presence of porosity appears to have
influenced the hardness values such that the samples with a
higher concentration of porosity showed lower hardness
(Table 1). The increase in porosity with GNP reinforcement
may be attributed to the fact that in the SPS process of pristine
MnTe, the local Joule heating produces melting at the particle
contacts, and the applied force brings about the closure of inter-
particle voids.[93] In contrast, in the GNP-reinforced samples,
MnTe particles are separated by GNPs, preventing them from







Figure 8. Graphene agglomeration in a) MnTe–0.5 wt%GNPs (left) and carbon distribution X-ray map (right), b) MnTe–0.75 wt% GNPs (left) and carbon
distribution X-ray map (right), and c) MnTe–1 wt% GNPs (left) and carbon distribution X-ray map (right).
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MnTe matrix.[94,95]. Furthermore, the formation of the impurity
Mn23C6 phase (Figure 3) in the GNP-reinforced samples
(GNPs ≥ 0.5 wt%), which is expected to increase with increasing
GNP content, could increase the hardness values as carbides are
hard and brittle.[94]
3. Conclusions
The effects of GNP inclusion on themagnetic, TE, andmechanical
characteristics of an AFM MnTe compound were studied. The
GNP precipitation in the MnTe matrix and the chemical reaction
between GNPs and the bulk material during the synthesis process
impact the magnetic, TE, and mechanical properties. Magnetic
susceptibility at the AFM temperature range (T< 307 K) showed
a monotonic reduction with the increase of the GNP mixing
ratio at a temperature range of 0–50 K due to theMn3O4 depletion.
The XRD analysis indicated that the GNP reduces Mn3O4
impurities; however, it also introduces the Mn23C6 phase in the
GNP-reinforced samples. No changes in the Néel temperature
were identified; i.e., TN≅ 307 K for all compounds. The GNP
dispersion in the MnTe matrix decreased the thermal conductivi-
ties (34% @ T: 600 K, 0.25 wt% GNPs) due to the interface
scattering of phonons. It also enhanced the Seebeck coefficients
(27% @ T: 600 K, 0.25 wt% GNPs) by decreasing the carrier con-
centration. Approximately 33% improvement was observed in the
mechanical properties of MnTe reinforced with 0.25 wt% GNPs in
terms of KIC as compared to the pristine MnTe.
4. Experimental Section
Synthesis: MnTe alloy was produced by chunk mixing of the pure ele-
ments (Mn and Te with 1:1 atomic ratio, Alfa Aesar 99.9%—https://www.
alfa.com/en/) via a mechanical alloying/ ball milling process (Pulverisette
7, FRITSCH Planetary Ball Mill, 4 h at 600 rpm, ball/ powder mass ratio of
2:1, and stainless steel ball size of 10mm). The powder mixture was
annealed in a tube furnace under an argon atmosphere at a temperature
of 750 ºC for 24 h and then milled again at the same milling condition for a
further 4 h. The MnTe–xGNP (x: 0.25, 0.5, 0.75, and 1 wt%) mixtures were
then prepared by a micromilling (reciprocating type, 1 h, ball/powder vol-
ume ratio of 1:1, a steel ball size of 1 mm) of the synthesizedMnTe powder
with the GNPs (surface area 500m2 g1, Alfa Aesar) under an argon
atmosphere. The bulk samples were fabricated with an average density
(98–99% as-sintered density measured by the Archimedes method with
isopropyl alcohol as a displacement medium) via spark plasma sintering
(SPS) under the temperature of 950 C and applied pressure of 42MPa
with a sintering time of 20min under an argon atmosphere.
Microstructural Characterization: The phase identification was imple-
mented via X-ray diffraction analysis (MiniFlex 300/600, 40 kV, 15mA,
Cu X-ray tube generation). Field emission scanning electron microscope
Quanta 450 SEMs were used for the microstructural analysis.
TE, Mechanical, and Magnetic Measurements: The Seebeck coefficient
(S) and electrical conductivity (σ) were measured under a He environment
at a temperature range of 300 to 820 K on a commercial Linseis LSR-3
system using a differential voltage/temperature technique and a DC
four-probe method, respectively. The thermal conductivity (κ) was calcu-
lated using κ¼DρCp, where ρ (g cm3) is the sample density. The specific
heat capacity Cp (J kg
1 K1) and thermal diffusivity D (m2 s1) were
measured by a laser flash method on the Linseis LFA instrument at a
temperature range of 300–820 K. Also, the Vickers hardness values were
measured by a microhardness device (LECO, LM-700AT-load: 1000 g,
dwell time:10 s) at room temperature. Moreover, the magnetic suscepti-
bility measurement was implemented by a vibrating sample magnetome-
ter (VSM), physical property measurement system (PPMS) (Dynacool) at a
temperature range of 0–400 K.
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Abstract: Hypothetical half-Heusler (HH) ternary alloy of CoVSn has already been computationally
investigated for possible spintronics and thermoelectric applications. We report the experimental
realization of this compound and the characterizations of its thermoelectric properties. The material
was synthesized by a solid-state reaction of the stoichiometric amounts of the elements via powder
metallurgy (30 h mechanical milling and annealing at 900 ◦C for 20 h) and spark plasma sintering (SPS).
The temperature-dependent ternary thermodynamic phase diagram of Co-V-Sn was further calculated.
The phase diagram and detailed analysis of the synthesized material revealed the formation of the
non-stoichiometry HH CoVSn, mixed with the binary intermetallic phases of SnV3, Co2Sn, and
Co3V. The combination of X-ray diffraction, energy-dispersive X-ray spectroscopy, and thermoelectric
transport properties confirmed the formation of a multi-phase compound. The analysis revealed the
predicted thermoelectric features (zT = 0.53) of the highly doped CoVSn to be compromised by the
formation of intermetallic phases (zT ≈ 0.007) during synthesis. The additional phases changed the
properties from p- to overall n-type thermoelectric characteristics.
Keywords: half-Heusler; CoVSn; thermoelectric; heterogeneous structure
1. Introduction
There have been substantial progress in thermoelectric (TE) materials over the last two decades.
Thermoelectric technology, which was mainly based on alloys of bismuth telluride [1] for Peltier
cooling modules, or silicon-germanium alloys [2] for radioisotope thermoelectric generators used
in NASA spacecraft, has expanded to new compounds for power generation and cooling [3].
New materials and material structures have been discovered with considerably enhanced thermoelectric
properties [4]. In particular, some materials like half-Heusler (HH) alloys have shown an inherently
large thermoelectric power factor, although they have generally higher thermal conductivity than
alloys such as Skutterudites [5] and Clathrates [6]. Since the thermal conductivity can be decreased by
structural engineering, their potential to provide inherently significant power factors has attracted
much attention lately. Recently, a new class of HH compounds was predicted with low thermal
Energies 2020, 13, 1459; doi:10.3390/en13061459 www.mdpi.com/journal/energies
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conductivity [7]. In this regard, the sheer number of HH compounds to investigate is vast, and
computational and predictive methods to shortlist the promising ones have become essential to making
quick progress. First principle studies [8] and thermodynamic calculations [9] are some of the main
methods to predict the new materials. Notably, HH alloys with the crystal structure of C1b (No. 216)
and the atomic arrangement of XYZ [10] have attracted much attention due to their unusual TE
characteristics, high-temperature stability, and doping capabilities (Figure 1, Table 1).
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Figure 1. Selected alloys with their corresponding TE properties, which have been studied as
half-Heusler (numbers are the items given in Table 1).
Table 1. Compounds cited in Figure 1.
Item Compound Ref. Item Compound Ref.
1 Ti0.5(Zr0.5Hf0.5)0.5NiSn0.998Sb0.002 [11] 13 NbCoSb [12]
2 TiCo0.95Ni0.05Sb [13] 4 Zr, i,Sn [14]
3 (Zr0.5Hf0.5)0.5Ti0.5NiSn0.998Sb0.002 [15] 5 Ti,Ni,Sn [16]
4 Ti0.5(ZrHf)0.49Nb0.01Ni0.9Pd0.1Sn0.98Sb0.02 [17] 16 VCoSb [18]
5 Zr iSn0.98Sb0.02 [19] 17 Ti0.5Zr0.5NiSn0.98Sb0.02 [20]
6 (Hf0.6Zr0.4)0.99Y0.01NiSn0.98Sb0.02 [21] 18 (Hf0.25Zr0.75)0.995Nb0.005NiSn [22]
7 Hf0.75Zr0.25NiSn0.99Sb0.01 [23] 19 (TiNiSn)0.95 + (MnNiSb)0.05 [24]
8 1.5% Y-Sb-doped Ti-Ni-Sn [25] 20 NbCoSb0.8Sn0.2 [26]
9 TiCoSb0.8Sn0.2 [27] 21 Zr0.5Hf0.5Co0.9Ni0.1Sb [28]
10 (Zr0.3Hf0.65Ta0.05)NiSn [29] 22 ZrCo0.97Pd0.03Bi [30]
11 (Ti0.4(Zr0.5Hf0.5)0.6)0.99Ta0.01NiSn [31] 23 TiNi1.06Sn0.81Sb0.17 [32]
12 ZrNiSn0.99Sb0.01 [33] 24 Nb0.83CoSb [34]
Predicted TE factors of CoVSn compound, κ = 4.1 W/mK, S = 175 µV K−1, zT = 0.53 at 900 K. [35]
In 1995, Ögüt et al. [36] predicted CoVSn with a MgAgAs (C1b) crystal structure as an intermetallic
semiconductor using density functional theory (DFT) band structure calculations. Another study [37]
applied the full-potential linear muffin-tin orbital (FP-LMTO) method to evaluate the electronic
properties of CoVSn alloy and showed an indirect energy bandgap of 0.75 eV. Shi et al. [38] calculated
the electronic structure using the modified Becke-Johnson (MBJ) potential. Also, the transport
coefficients were computed employing the Boltzmann theory within the constant scattering time
approximation. Moreover, spin-orbit coupling (SOC) was considered in the electronic and transport
calculations. Figure 2 shows the calculated electronic band structure and density of states (DOS) of
CoVSn alloy [38]. Based on this electronic structure, the alloy was predicted as a p-type semiconductor
with a bandgap (W-X) of 0.85 eV.
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In the mentioned study, the maximum Seebeck coefficient with a carrier concentration of
1.0 × 1021 cm−3 was calculated at a temperature of 1150 K as 340 µV/K [38]. Zeeshan et al. [39]
carried out combined ab initio and semiclassical calculations based on Boltzmann transport theory and
determined the maximum doping concentration of the p-type CoVSn alloy. Assuming a relaxation
time of 10−15 s for V- and Cr-group doping, they estimated a Seebeck coefficient of 175 µV/K and a
maximum power factor in the range of 11–23 µW/K−2 at optimum 0.26 e/uc p-type doping. This value
of the power factor is comparable to the power factor of many good HH thermoelectric alloys.
Despite the wide range of theoretical studies on CoVSn alloy with predicted promising
thermoelectric characteristics, to the best of our knowledge, there is no report on the thermoelectric
characterization of a synthesized sample of this alloy in the open literature. The current study
presents an experimental synthesis and characterization of the CoVSn compound, and an empirical
thermoelectric and microstructure analysis is performed.
2. Materials and Methods
The powder mixture of CoVSn compound was prepared by ball milling (SPEX-6, Metuchen, NJ,
USA) (5:1 ball-powder weights) a st ichiometric ratio (1:1:1) of Co, V and Sn elements (Alfa Aesar
Co., 99.9% commercial purity, Ward Hill, MA, USA) f r 30 h following an annealing process at 900 ◦C
f r 20 h. The bulk sam les were made by spark plasma sintering (SPS) at a temperature of 850 ◦C
for 20 min at a pressure of 42 MPa. The phase identification was made via X-ray diffraction analysis
(MiniFlex 300/600, 40 kV, 15 mA, Cu x-ray tub generation). The microstructure analysis was performed
by field emission scanning electron microscopy (FESEM) (Qua ta 450 FEG, FEI, Hillsboro, OR, USA).
The thermal diffusivity (υ) was measured using a laser flash apparatus (LFA, Linseis, Selb, Germany)
under an Ar environment from 30 to 550 ◦C. The Archimedes method was used to measure the dens ty
of mat ials with deionized water (DI) water as a displacement medium. Also, the specific heat was
approximate by he Deby specific heat [40] for a temperature ange of 30 to 600 ◦C. The electrical
resi tivity was me ured using Linseis-LSR3 equi ment (LSR3, Linseis, Selb, Germany) under He
environment for the same emperature r nge. The Seebeck coefficient was measured simultaneously.
The commercial Linsesis softwar calculates the ther opower from a single temperature gradient (∆T)
and voltage difference (∆V), whi h is often erro eou . Therefore, the mea urement was performed for
five different temperatur gradients, and e ch measurement was repeated four times, then averaged.
The thermopower was calculated from the slop of the line fitted to five eparate temperature a d
voltage differences. The accur cy of the measure ent as verified by inspecting the lin ar fit to the
(∆T-∆V) data set.
3. Results and Discussion
Figure 3 shows the X-ray diffraction data of the CoVSn powder after 15 and 30 h milling, and that
of the SPS-consolidated bulk sample prepared from the milled powder mixture that was annealed at
900 ◦C for 20 h. The XRD patterns of the SPS-consolidated CoVSn bulk sample revealed the presence
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of three binary intermetallics, namely, SnV3, Co2Sn, and Co3V, in addition to the non-stoichiometry
CoVSn half-Heusler alloy. Therefore, the synthesized compound was shown to be a multi-phase
material. Further, the back-scattered electron (BSE) image and the energy dispersive spectroscopy
(EDS) maps of the material, as shown in Figure 4, illustrated a heterogeneous microstructure, which
agrees with the observation from the XRD analysis. The non-uniform dispersion of Co, V, and Sn
provide evidence of the presence of a multiphase structure with various micro-clusters.
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Figure 5 shows the thermoelectric parameters S, σ, κ (thermal conductivity), and zT of the
synthesized compound over a temperature range of 25 to 5 0 ◦C. The Se beck coefficient was
negative, indicating an n-type semiconductor. This is in contrast with the theoretical prediction that
the CoVSn compound should be a p-type semiconductor [38,39]. The physical properties of the
Heusler-based compound are generally highly related to the crystallographic order [41]. The observed
multiphase structure (Figure 5) combining etallic and semiconductor characteristics due to the
presence of intermetallics (SnV3, Co2Sn, and Co3V) and a semiconductor (CoVSn), respectively.
Therefore, the carrier type of the composit on can ot be as igned to the single-phase half-Heusler
CoVSn compound.
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As illustrated in Figure 4, the multi-phase structure containing various intermetallic compounds
with both semiconductor and metallic characteristics provides semiconductor-metal interfaces [42].
The CoVSn compound containing the intermetallic phases has both ionic and covalent bonds.
The presence of both ionic and covalent bonds in CoVSn (VSn: ionic-rock salt; CoSn: covalent-Zinc
blend) can influence the stability of the semiconductor-metal interfaces (i.e., interface behavior) [43].
The metal–semiconductor contact lines up the chemical potentials and develops a Schottky barrier
at the interface that can lead to distinct chemical and electrical properties different from the bulk
compounds [44]. It is instructive to look at the thermodynamics of the ternary phase diagram of
CoVSn. Such data are not currently available, being a new alloy. Therefore, we calculated the ternary
phase diagram of the Co-V-Sn over the temperatures range of interest, 25 to 1200 ◦C. The Thermo-Calc
2016a package was used for this calculation. Figure 6 shows the ternary phase diagrams at the selected
temperatures of 1100, 900, 600, and 25 ◦C.
Table 2. Phase compositions of the nominated areas in Figure 6.
Temperature (◦C) Label Phase (s)
25
a2 Co3Sn2_A + HCP_A3 + HCP_ORD
b2 Co3Sn2_A + CoSn + HCP_ORD
c2 CoSn + HCP_ORD + Sn3V2
d2 CoSn + CoSn2 + Sn3V2
e2 BCT_A5 + CoSn2 + Sn3V2
f2 HCP_ORD + Sn3V2 + SnV3
g2 CoV3_A15 + HCP_ORD + SnV3
h2 BCC_B2 + CoV3_A15 + SnV3
i2 BCC_B2 + CoV3_A15
600
a6 Co3Sn2_A + FCC_L12
b6 Co3Sn2_B + FCC_L12 + HCP_ORD
c6 Co3Sn2_B + HCP_ORD
d6 Co3Sn2_B + CoSn + HCP_ORD
e6 ALTA_SIGMA (V,Co) + CoSn + HCP_ORD
f6 ALTA_SIGMA (V, Co) + CoSn
g6 ALTA_SIGMA(V, Co) + CoSn+ SnV3
h6 CoSn + Sn3V2 + SnV3
i6 LIQUID + CoSn + Sn3V2
j6 LIQUID + Sn3V2
k6 ALTA_SIGMA(V, Co) + SnV3
l6 ALTA_SIGMA(V, Co) + CoV3_A15 + SnV3
h2 BCC_B2 + CoV3_A15 + SnV3
i2 BCC_B2 + CoV3_A15
o6 BCC_B2
p6 BCC_B2 + SnV3
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Table 2. Cont.
Temperature (◦C) Label Phase (s)
900
a9 FCC_L12
b9 Co3Sn2_B + FCC_L12
c9 Co3Sn2_B + FCC_L12 + HCP_ORD
d9 Co3Sn2_B + HCP_ORD
e9 ALTA_SIGMA(V, Co) + Co3Sn2_B + HCP_ORD
f9 ALTA_SIGMA(V, Co) + Co3Sn2_B
g9 Co3Sn2_B+BCC_B2+CoSn
h9 ALTA_SIGMA(V, Co) + Co3Sn2_B + BCC_B2
i9 BCC_B2 + Co3Sn2_B
j9 LIQUID + BCC_B2 + CoSn
k9 ALTA_SIGMA (V, Co) + CoV3_A15 + BCC_B2
l9 BCC_B2 + CoSn
i2 BCC_B2 + CoV3_A15
o6 BCC_B2
o9 LIQUID + SnV3
p9 LIQUID + BCC_B2 + SnV3
p6 BCC_B2 + SnV3
r9 LIQUID + BCC_B2
s9 ALTA_SIGMA(V, Co) + BCC_B2
1100
a9 FCC_L12
b9 Co3Sn2_B + FCC_L12
c11 LIQUID + Co3Sn2_B + FCC_L12
d11 LIQUID + FCC_L12
e11 LIQUID + ALTA_SIGMA
f11 LIQUID + ALTA_SIGMA (V, Co) + FCC_L12
g11 LIQUID
h11 LIQUID + ALTA_SIGMA(V, Co) + BCC_B2
i11 ALTA_SIGMA (V, Co) + BCC_B2
o6 BCC_B2
p6 BCC_B2 + SnV3
l11 LIQUID + BCC_B2
m11 LIQUID + LIQUID #2 + SnV3
n11 LIQUID + LIQUID #2 + BCC_B2
l11 LIQUID + BCC_B2
o9 LIQUID + SnV3
q11 LIQUID + LIQUID #2
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Figure 6. Calculated ternary phase diagrams (atomic ratio) of Co-V-Sn at (a) 25 ◦C, (b) 600 ◦C, (c) 900 ◦C
and (d) 1100 ◦C. Crossing point showed a composition of 1:1:1 of atomic percent and a weight percent
of Co: 26wt.%, V:22 wt.% and Sn: 52wt.%. Thermo-Calc 2016a package was employed to calculate the
ternary phase diagrams under the atmospheric pressure. Table 2 give the phase compositions of the
nominated areas in Figure 6.
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Table 3 lists the different phases at the center of the phase diagram (i.e., the equal atomic
concentration of the elements over 100-degree temperature steps from 25 to 1100 ◦C). These diagrams
further confirm that at thermodynamic equilibrium, the material decomposes into multiple phases, as
listed in Table 3, which agrees with the observation in the microstructural analysis (Figures 3 and 4).
Table 3. The phase composition of CoVSn compound (1:1:1) at the temperature of 25 to 1100 ◦C.
T (◦C) Phase/Crystal Structure/Elements
25 CoSn, HCP_ORD (Co, V) and Sn3V2
100 SnV3, HCP_ORD (Co, V) and Sn3V2
200 SnV3, HCP_ORD (Co, V) and Sn3V2
300 CoSn, HCP_ORD (Co, V) and Sn3V2
400 CoSn, HCP_ORD (Co, V) and Sn3V2
500 CoSn, HCP_ORD (Co, V) and Sn3V2
600 CoSn, SnV3, ALTA_SIGMA (V, CO)
700 SnV3, BCC_B2 (Co,V,Sn), ALTA_SIGMA (V, Co)
800 Equilibrium line between two areas of (CoSn, BCC_B2 (Co,V,Sn)) and(ALTA_SIGMA (V, Co), CoSn, BCC_B2 (Co,V,Sn))
900 Equilibrium line between two areas of (CoSn, BCC_B2 (Co,V,Sn)) and(LIQUID, CoSn, BCC_B2 (Co,V,Sn))
1000 LIQUID, BCC_B2 (Co,V,Sn)
1100 LIQUID
As shown in Table 3, there is no single phase of CoVSn, but mainly binary compounds of
CoSn, SnV3, Co3V, and Sn2V3. Our observation of the multiphase structure, containing three binary
intermetallics, contradicts previous studies [38,45]. In the theoretical analysis of this composition
(1:1:1) [45], the calculated phase diagram showed a specific area for the stable CoVSn compound.
However, the presence of this single-phase alloy was not experimentally confirmed.
4. Conclusions
The single-phase half-Heusler CoVSn was predicted theoretically as a stable thermodynamic
material with prospective properties for spintronics and thermoelectric applications, although it was
never experimentally confirmed. According to the theoretical and experimental data presented here,
the CoVSn phase was found to be thermodynamically unstable, and its partial decomposition into
metallic phases is unavoidable at the equilibrium state. In this study, the experimental realization of the
CoVSn compound with a heterogeneous microstructure was represented. The material analysis showed
the presence of the half-Heusler ternary alloy of non-stoichiometry CoVSn as the semiconductor
phase, mixed with three binary intermetallics: SnV3, Co2Sn, and Co3V. The combination of X-ray
diffraction, energy-dispersive X-ray spectroscopy, and transport properties confirmed the formation of
the composite structure. The composite material demonstrated a metallic electronic behavior with a
degenerate carrier concentration.
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Doping Engineering Approaches to Improve Power Factor of 
Thermoelectric Products   
 
Thermoelectric energy conversion as an all-solid-state technology has achieved much interest due 
to its important applications in diverse science and engineering fields. They have potential 
capabilities for recycling industrial waste heat, space‐based remote power generation, automobile 
exhaust heat recovery, solar power generation, and cooling system for electronics. In essence, 
thermoelectric generators/coolers work as heat engines, which are thermodynamically similar to 
conventional vapor power generators and heat pumps, with thermoelectric generators/coolers 
employing electrons as their working fluid instead of physical gaseous/liquid media. The 
possibility of controlling chemical and physical structuring at the nanometre scale, electronic band-
structural, and microstructural engineering provides a variety of approaches for obtaining high 
thermoelectric performance in materials. To date, enhancing the efficiency of thermoelectric 
compounds has been practiced broadly by either improving the power factor (𝑆2𝜎) or reducing the 
lattice thermal conductivity (𝜅𝑙). Nonetheless, enhancing the thermoelectric power factor is still 
challenging because of the adverse interplay between Seebeck coefficient (𝑆) and electrical 
conductivity (𝜎). Contemporary high-performance thermoelectric compounds require elaborate 
doping strategies and structural manipulation, particularly for electronic band-structure 
engineering. In this field, understanding the basis of electronic transport mechanisms and 
developing doping ideas to improve thermoelectric power factors are necessary to produce efficient 
thermoelectric compounds. This research focuses on doping engineering for electronic structural 
features, including band-structure distortions, transition-elements doping, spin fluctuation and 
entropy, modulation doping, the synergy of resonance levels, band convergence, and 
thermodynamic stability, which make up the thermoelectric quality factor. Experimental and 
theoretical studies of doping engineering based on frequent doping strategies are reviewed and 
analysed, directing on recent developments that have provided a more complete framework for 
understanding these subtle phenomena. We expect this study to serve as a practical guide to 
enhancing the power factor in thermoelectric compositions, based on electronic structural design 
and engineering. 
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Mars Science Laboratory, aka Curiosity, is part of NASA's Mars 
Exploration Program, a long-term program of robotic exploration of the 
Red Planet. It's powered by the Multi-Mission Radioisotope 
Thermoelectric Generator (MMRTG).
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The concept of thermoelectricity (TE) as the direct conversion
of the temperature gradient (ΔT ) to electricity was started by
the German- Estonian physicist Thomas Johann Seebeck
in the years between 1821 and 1831.






S:Seebeck coefficient (VK-1), 
σ :electrical conductivity (Ω-1m-1), 
T :temperature (K),
𝑘𝑒:electronic thermal conductivities (Wm
-1K-1)
𝑘𝑙 :lattice thermal conductivities (Wm
-1K-1)
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Figure 8: Thermoelectric characteristics of the MnTe-xGNP nanocomposites
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The GNP loading effects on magnetic, thermoelectric and mechanical
characteristics of MnTe were represented.
The GNP settlement at the grain boundaries and grain growth reduction
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ABSTRACT
REFERENCES
Following the discovering of metal-
semiconductor characteristics for the
multi-phase CoVSn compound, we
investigated the CoV5.6Sn1.6 composition
selected based on the thermodynamic
calculation of ternary phase diagrams.
The material was synthesized by solid-
state reaction of the stoichiometric
amounts of the elements in a vacuum
induction melting furnace. The alloy
analysis revealed the successful
formation of the half-Heusler ternary
alloy, as the semiconductor phase, and
the mixture of binary intermetallics of
SnV3, Co2Sn, and CoSn2. The
segregated microstructure was further
confirmed by electron microscopy and
Energy-dispersive X-ray spectroscopy.
The material demonstrated metallic




The investigating compounds which
combine the characteristics of both
semiconductors and metals cover a
significant part of materials research
[1]. Metal-semiconductor
nanocomposites are particularly
useful in various fields such as the
design of energy and environment-
related photocatalysts [2]. In this field,
different techniques have been
carried out to produce the metal-
nanocomposite compounds,
including laser nano-welding [1],
photodeposition [3], hydrothermal [4]
and electrochemical [5]. One crucial
issue in designing the metal-
semiconductor is the strength of
interface bonding between the
components of the nanocomposites
[2]. Besides the mechanical
properties, a stable and robust
interface often helps the interfacial
charge transfer process between the
metallic and semiconductor phases
[2]. Also, previous studies have
shown that a good interface bonding
between the metal and semiconductor
improves the absorption of the optical
frequencies [6].
As illustrated in Figure 3 the presence of metallic
microclusters in contact with half-Heusler CoVSn
semiconductor provides various semiconductor-
metal interfaces. In this regard, Freeouf [10]
represented the Schottky model for these kinds of
heterostrcutured compositions in which, the






:effective work function, Xsc: electron
affinity) rather than a uniform microstructure. Also,
in these heterostrcutured microstructure
containing semiconductor-metal interfaces, the
structural stabilities is one of the crucial features
influencing on the material performance [11].
Moreover, the CoV5.6Sn1.6 with a combination of
ionic and covalent bonds can influence on the
stability of semiconductor-metal interfaces (i.e.:
interface behaviour). In this field, the sensitivity of
the metal-semiconductor interfaces dependent on
the covalent or ionic bonds of semiconductors [12].
Also, this matter influences on the formation
energy and stability of the interfaces which provide
specific electrical properties. Thus, this structure
containing both ionic and covalent bonds can find
an optimised stable occupation.
The CoV5.6Sn1.6 alloy was theoretical designed and
experimentally synthesized elements in a high-
frequency vacuum induction melting furnace. The
material analysis showed a heterogeneous
microstructure containing four phases including
deficient CoVSn, SnV3, Co2Sn, and CoSn2. This
compound represented demonstrated the metallic
electronic behaviour with degenerate carrier
concentration.
In this regard, Li et.al [7] investigated an
enhancement in optical transmission based on
strong interference of metal/semiconductor for the
Ag/Si double-layered and Si/Ag/Si triple-layered
films. Also, Bates Jr. [8], evaluated the effects of
microstructure on the metal-semiconductor
composites and showed the heterogeneous
structure as clustering causes a large absorption of
infrared rather than the non-clustered
compositions. In this research, to change the
concentrations of the metallic phases, the
nominated composition of CoV5.6Sn1.6 was
synthesized and studied. This composition was
chosen because it showed a single phase within
the CoVSn ternary phase diagram (the temperature
of 1070 K close to the melting point-Figure 1). The
compound was synthesized by the vacuum
induction melting and characterized for its
electrical, thermal and mechanical properties.
Powders of Co, V, and Sn elements were weighed
according to CoV5.6Sn1.6, mixed and melted by a
vacuum induction furnace. The phase identification
was carried out via X-ray diffraction analysis
(MiniFlex 300/600, 40 kV, 15 mA). Differential
scanning calorimetry (DSC) was carried out at a
heating rate of 10 °C/min using SDT Q600 V20.9
Build 20 to evaluate the phase transitions. The
microstructural analysis was performed by optical
microscopy (Zeiss Axio Imager.M2m) and field
emission scanning electron microscopy (FESEM
Quanta 450 FEG). The electrical parameters,
including the thermopower (S) and electrical
conductivity (σ) were determined by LINSEIS-LSR -
3 at a temperature range of 30 to 550 °C.
The XRD data of the synthesized CoV5.6Sn1.6 alloy
was compared with the reported structures of the
compounds containing the elements of Co, V, and
Sn. Furthermore, XRD spectra were evaluated
against the most renowned and stable half-Heusler
alloys including, NiMnSb and MgAgAs alloys [9].
The phase identification of shows diffractions
corresponding to ternary half-Heusler (Fത43m, C1b )
alloy and several other binary compositions,
namely SnV3, Co2Sn, and CoSn2.
1 Materials Letters 236 (2019) 271–275
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The optical micrograph shown in Figure 3a was taken
from the as-cast CoV5.6Sn1.6 alloy. It displays the
formation of multi-phase structures, which agrees with
the multiphase XRD spectra. The dendritic characteristics
of the segregated as-cast structure forming of several
phases are evident by the SEM micrographs in Figures
3.b to 3.f.
The results depicted the dispersion of three elements of
Co, V, and Sn in the separated phases. Therefore, the
properties of this alloy with a multi-phase crystal
structure cannot be assigned to a half-Heusler
composition containing three elements of Co, V, and Sn
with a single phase, because, the presence of other three
intermetallic phases with the metallic characteristics
impact on the microstructure and electrical properties.
This conclusion is in agreement with the multi-phase
structure detected by the XRD analysis indicating the
existence of the SnV3, Co2Sn, and CoSn2 phases mixed
with the deficient CoVSn phase. Therefore, this alloy
contains four intermetallic compounds, which is
combining both metallic, and semiconductor properties
performing as a metal-semiconductor nanocomposite.
The measured Seebeck coefficient (S), electrical
conductivity (σ) are shown in Figure 4.
Due to the electrical measurement and microstructure
analysis, it can be concluded the heterogeneous
composition induced a metal-semiconductor. This
heterostructured composition caused a conductivity
mismatch between the metallic (SnV3, Co2Sn, and CoSn2)
and semiconductor (CoVSn) phases. Also, the contact of
metal and semiconductor not only aligns the potential
band (i.e.: making a common chemical potential), but also
makes the interfaces with chemical and electrical
properties different from the bulk compounds [10]
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Figure 1: Ternary Phase diagram of CoVSn-T:1070K.









Figure 4: Microstructure analysis of the CoV5.6Sn1.6 alloy.
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Mars Science Laboratory, aka Curiosity, is part of NASA's 
Mars Exploration Program, a long-term program of robotic 
exploration of the Red Planet. It's powered by the Multi-
Mission Radioisotope Thermoelectric Generator (MMRTG).
@ Photo courtesy of NASA/JPL-Caltech.
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dimensionless figure-of-merit 
(zT)
S:Seebeck coefficient (VK-1), 
σ :electrical conductivity (Ω-1m-1), 
T :temperature (K),
𝑘𝑒 :electronic thermal conductivities 
(Wm-1K-1)
𝑘𝑙 :lattice thermal conductivities (Wm-
1K-1)
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5
TE characteristics of the graphene-mixed
compounds, a) Seebeck coefficients, b) electrical
conductivities, c) lattice thermal conductivity and d)
dimensionless figure of merit (zT)- the blue and
red bars show the TE properties of pristine and
nanocomposite samples, respectively. A) Bi85Sb15-
0.5wt.%G , B) Bi2Te3–RGO, C) 0.4 vol%RGO-
Bi0.36Sb1.64Te3, D) 0.05 wt%-unoxidized
graphene/Bi2Te2.7Se0.3, E) 0.05 wt%.G/Bi2Te3, F)
0.05 wt%-Bi0.4Sb1.6Te3, G) 0.4
vol.%G/Bi0.4Sb1.6Te3, H) 1.7 wt% graphene oxide-
BaTiO3, I) 1:80 G/CuInTe2, J) 3.2 wt%
MoS2/G&SnSe.





































Seebeck coefficient- Energy filtering effect (EFE)
where, E is energy, n (E) stands for the energy
dependent carrier density and 𝑚𝑑
∗ is the effective
mass, and also n, μ, q, KB, Ef and 𝝉 are carrier
concertation, carrier mobility, carrier charge,
Boltzmann constant, Fermi energy, and relaxation
time, respectively. By considering a solid with
parabolic bands and dependency of the relaxation
time (τ) to the energy and scattering factor (λ) via
( 𝝉 = 𝝉𝟎𝑬
𝝀−
𝟏
𝟐 ) (τ0 is an energy-independent
constant), equation 1 is expressed as,
in which N(E) is electronic density of states. Based
on the equation 3, the Seebeck coefficients can be
enhanced by increasing the scattering factor (λ).
Seebeck coefficient has an inverse relation with carrier concertation (n), thus increasing the charge



















where P is the mean path between two adjacent potential barriers, EB shows the 
height of the potentials at the interfaces, KB is the Boltzmann constant, m* is the 
effective mass, and T is the absolute temperature. 
e: standard electron charge
n: carrier concentration
μ:carrier mobility
μm :Carrier mobility in matrix 
μin :Carrier mobility in interface 
@ Journal of Alloys and Compounds,661 (2016) 389-395.
@ Journal of Alloys and Compounds 681, (2016), 394-40.
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Thermal conductivity
Phonon scattering against the grain/microstructure boundary/barriers 






















Seebeck and electrical conductivity
Thermal diffusivity
13
Temperature dependent thermoelectric characteristics of CoVSn-GNP nanocomposites: 
Asterisk* -0 wt. % GNPs, square-0.25 wt.%, GNPs  circle-0.5 wt.% GNPs, diamond-0.75 wt.%, 
GNPs   and hexagonal-1 wt.% GNPs.
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GNPs may participate at the microstructural boundaries; however, graphene may not act with all the
same physical factors as in the monolayer type due to any agglomeration,
Conclusions
Level of GNP dispersion impact on the thermoelectric properties. 
GNP- dispersion provided energy filtering effect and phonon scattering which modified the 
thermoelectric properties of the GNP-reinforced CoVSn compositions.
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